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requirements  were  interpreted,  refined  and  prioritized.  The  survey  task  reviewed  fiie  extam  state-of-the^  in  display 
technology  for  tediniques  which  held  promise  of  meeting  fire  RFP  requitemcaU.  Baaed  on  this  task,  it  was 
ronchidH  that  only  the  liquid  crystal  light  valve  (LCLV)  technology  had  a chance  to  do  to;  however,  tu 
performance  needed  tc  be  upgraded  significantly  from  the  thwcurrOTt  state.^ 

of  all  corrqronents  contributing  to  pro)ecto^peration  was  fiierefore  undertaken. 
The  lamp*^  Illumination  system^f'polarizing  beatmplitter*,~dichroics,  LCLVs*7CRTC*fiection  system,  projection 
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represented  a significant  technJmcIndieag^  Iheae  investigations  resulted  in  significant  improvements  in  some  areas, 
and  a darification  in  others,  of  componentpferiQnimce. 

Based  on  this  data,  ^stem  tradeoffs  were^en^^ed  to  determine  what  oombirution  of  component 
performances  were  required^to  meet  RFP  requirements^  Tradeoffs  were  generated  relating  brightness  to  color 
purity/range,  li^t  fanoff  to  pilot  head  motion,  and  resolutian  to  CRT  qpot  size  and  projecUon  lens  cost 
Components  were  then  selected  (or  spedfied)  to  result  in  an  RFP-compliant  system  which  yielded  mmimum  overall 

Based  on  these  decisions,  ^e  projector  was  dsa^defined  in  detail.  Hardware  descriptions  were  ^Derated  for 
the  electronics,  the  optics,  and  tKe  mechanical  hardware.  Integration  of  the  projector  into  a multiprqector  system 
was  considered,  and  resulted  in  the  development  of  system  alignment  proc^ures,  mosaicking  spedfications,  and 
central  hardware  to  assist  with  maintenance^ 


''TTfieiSled'analydFor  evety'KFI^^^fied  performance  parameter  was  performed.  Rojector  and  system  level 
perfomumce  were  described,  and  reUability/maintainability  diaracteristics  of  both  a single  projector  and  a 
multiprojector  system  were  describe 

('T^Tstu^  o^udeid  that  meeting  the  RFP  requirements  using  stateK>f-the-art  component  technology  was 
technically  feasibly  and  could  be  implemented  with  practical,  reliable  hardware. 

Portions  conniing  proprietary  and  contractor  evaluation  information  ate  contained  in  AFHRLrTR-77-33(II), 
with  distribution  United  to  U.S.  Government  agencies. 


ACCESSION  for  — 

NTIS  White  Section 

HOC  Buff  Section  q 

UNANNOUNCED  q 

JOSTIEICATION  


*Much  of  this  work  was  conducted  on  concurrent  independent  RScD  (IRSd))  (unde. 


Undasdfled 

SaCuniTY  CLASSiVICAriON  or  this  PAOefWhmn  Data  Bnfnd) 


TABLE  OF  CONTENTS 


SECTION  1 - INTRODUCTION  AND  SUMMARY 
A —Study  Overview 

1.  Study  Addresses  Problem  of  Vital  Interest  to  the  Air 

Force 5 

2.  A Systematic  Approadi  was  Used  to  Define  a Responsive 

System 6 

3.  Requirements  Analysis  and  Technology  ^rvey  Laid 

the  Groundworic  for  Projector  Design 7 

4.  The  HDP-800  Single  Channel  Proves  Practicality  of 

LCLV  Concept 8 

5.  Component  Investigations  Confirmed  the  Feasibility 

of  the  LCLV  Approach 9 

6.  Key  Trade-offs  Achieved  a Balance  Between  Brightness, 

Resolution,  and  Fidelity  Requirements 10 

7.  Conclusions  and  Recommendations 11 

B - Resulting  Baseline  Design 

1.  Functional  Design  of  Baseline  Projector 12 

2.  Physical  Configuration  of  Baseline  System 13 

3.  Baseline  System  Featiures 15 

SECTION  2 - REQUIREMENTS  ANALYSIS 

1.  Summary  of  Key  Technical  Requirements 18 

2.  Clarification  of  hnage  Requirements 20 

3.  Clarification  of  Electrical  and  Optical  Requirements 22 

4.  Clarification  of  Equipment  - Related  Requirements 24 

SECTION  3 - TECHNOLOGY  SURVEY 

1.  Survey  of  Applicable  Technologies 26 

SECTK)N  4 - COMPONENT  INVESTIGATIONS 

1.  Summary  of  Component  Investigations 30 

2.  Cathode  Ray  Tube  (CRT)  Investigations 33 

3.  Results  of  Deflection  System  Investigations 34 

4.  Selection  of  a Ll^t  Source  for  the  Illumination 

System 36 

5.  Results  of  Liquid  Crystal  Light  Valve  (LCLV) 

Testing 37 

6.  Dichroic  and  Trim  Filter  Analysis 38 

7.  Analysis  of  Projector  Color 41 

8.  Selection  of  Lens  Type 42 

9.  Lens  Form  hivestigation  44 

10.  Optimization  of  Selected  Projection  Optics 46 

11.  Performance  of  Optimized  Projection  Optics 48 

12.  Results  of  the  Screen  Tests 52 

SECTION  5 - SYSTEM  TRADEOFFS 

1.  Projector  Light  Output  Trade-offs  - Available 

Options 

2.  Projector  Lffdit  Output  Trade-offs  - Comparison 

of  Candidates 58 

3.  Trading  Off  Brightness  and  Li^  Falloff 60 


"■at* ' 


5 


TABLE  OF  CONTE^^:B  (Continued) 


4.  Comparlsoa  of  Three  "Reasonable"  Projector 

Configurations 64 

5.  System-Level  Resolution  Trade-offs 66 

6.  Developing  an  Approadi  to  Minimize  Distortion 

and  Color  Misregistration  .68 

SECTION  6 - BASELINE  DESIGN  DESCRIPTION 
A — System  Overview 

1.  Overview  of  the  System 72 

2.  Features  of  the  Recommended  LCLV-Based 

Projector  Design ..74 

3.  Design  of  the  Projector 76 

B - Projector  Electronics  Subsystem 

1.  Description  of  the  Digital  Electronics  in  a Multi- 

Projector  System 78 

2.  Design  of  the  Display  Logic 80 

3.  Requirements  and  hnplementation  of  Video  Channel 

and  Other  Circuits 82 

4.  Implementation  of  the  Deflection  Subsystem 84 

5.  Description  of  the  Hig^-Resolution  Fiber  Optic  CRT 86 

C — Projector  Optics  Subsystem 

1.  Overview  of  the  Optics  Subsystem .88 

2.  Descriptiori  and  Operation  of  the  Liquid  Crystal 

Li{^  Valve 90 

3.  Characteristics  of  the  Illumination  Subsystem .92 

4.  Description  of  the  Polarizing  Beamsplitter  and 

Dlchroics 94 

5.  Design  of  the  Projection  Optics  Group 96 

6.  Design  of  Curved  Projection  Screen  98 

D — Mechanical  Design 

1.  Description  of  the  ^stem  Mechanical  Design lOO 

2.  Medianical  Design  Concept  of  the  Projector 104 

SECmON  7 - BASELINE  PERFORMANCE 

1.  Performance  Features  of  the  Recommended  System 110 

2.  Performance  Capability  Vs.  Specified  Requirements 112 

3.  Ll^t  Output/Brightness  Capability  of  Projector .114 

4.  Projector  and  biterwlndow  Brlj^tness  IMformity 116 

5.  bnage  Contrast 118 

6.  Calculated  Resolution  of  the  LCLV  Projector  System 120 

7.  Techniques  that  Minimize  Projected  Imagery 

Distortions  and  Disconttmilties 122 

8.  Color  and  Response  Time  Performance 124 

9.  Electrical  Performance  Characteristics 126 

10.  Equipment  Characteristics  of  Projector  and 

Support  Hardware 128 

11.  Reliability  Estimate  ot  the  Projector  System 130 

12.  Approach  to  Achieving  Good  Maintainability 132 

13.  Alternate  Display  Configurations 136 

REFERENCE I39 


i 


\ 


mCH  RESOLUTION,  mOH  BRIGHTNESS  COLOR  TELEVISION  PROJECTOR: 
Analysis,  Investigations,  Design,  Performance  of  Baseline  Projector 


SECTION  1 

INTRODUCTION  AND  SUMMARY 


A - Stu^  Overview 

1.  Stu(ly  Addresses  Problem  of  \^tal  Interest  to  the 

Air  Force 

2.  A Systematic  Approach  was  Used  to  Define  a Responsive 

System  

3.  Requirements  Analysis  and  Technology  Survey  Laid  the 

Groundwork  for  Projector  Design 

4.  The  HDP-800  Single-Channel  Proves  Practicality  of 

LCLV  Concept 

5.  Component  Investigations  Confirmed  the  Feasibility  of  the 

LCLV  Approadi 

6.  Key  Trade-offs  Achieved  a Balance  Between  Brightness, 

Resolution,  and  Fidelity  Requirements 

7.  Conclusions  and  Recommendations 

B - Resulting  Baseline  Design 

1.  Functional  Design  of  Baseline  Projector 

2.  Physical  Configuration  of  Baseline  System 

3.  Baseline  System  Features 


5 

6 

7 

8 

9 

10 
11 

12 

13 

15 


1.  STUDY  ADDRESSES  PROBLEM  OF  VITAL  INTEREST  TO  THE  AIR  FORCE 


The  development  of  high  performance,  multi-mission  fighter  aircraft 
places  Increasing  emphasis  on  ehective  training  of  pilots  so  that  they  can  exploit 
the  full  mission  potential  of  the  plane.  Unfortunately  a number  of  factors  (fuel 
prices,  cost  of  planes)  have  conspired  to  make  the  cost  of  flying  these  aircraft 
extremely  expensive.  A real  need  exists  therefore  to  develop  a wlde-fleld-of- 
view,  hl^-resolutlon,  color  simulator  of  adequate  brightness  which  can  provide 
effective  multi-mission  training.  Training  in  a ground-based  simulator  provides 
mapy  features  over  and  above  savings  in  cost:  it  permits  training  to  program 
limits  and/or  to  fly  against  preprogrammed  maneuvering  targets,  to  fly  a larger 
number  of  missions  per  hour,  and  to  provide  training  aids  such  as  recording, 
playback,  and  freeze-motion  capablllttes. 

The  computer  image  generator  (CIG)-driven  mosaicked  infinity  optics 
(pancake  window)  approach  used  in  the  Advanced  Simulator  for  Pilot  Training 
(ASPT)  is  by  far  the  best  approach  to  date  to  meet  the  required  field-of-view  and 
resolution,  but  this  approach  has  some  drawbacks.  Extremely  large  cathode  ray 
tubes  (36"  in  diameter)  are  required  as  inputs  to  the  display  and  these  tubes  cost 
over  $50, 000  each  and  required  a major  advancement  in  the  state-of-the-art.  In 
addition,  the  system  is  monochrome,  and  upgrading  the  CRTs  to  color  is  not  fea- 
sible. Because  of  the  all-glass  pancake  windows  and  the  world's  largest  cathode 
ray  tubes,  the  ASPT  visual  system  wei^s  over  10,000  pounds. 

Thus  the  broad  need  for  improved  simulators  can  be  narrowed  down  to  the 
reduction  in  cost  and  wei^  of  the  visual  display,  and  the  specific  need  for  a pro- 
jector which  not  only  provides  the  brightness  and  resolution  of  an  ASPT  cathode 
ray  tube  (CRT),  but  provides  color  as  well,  and  has  the  inherent  capability  for 
ftirther  improvement  in  resolution  and  bri^tness.  The  projector  should  be  light- 
wei^t,  should  be  capable  of  operating  on  a motion  platform,  and  should  have  h4^ 
availability  to  support  two  shl^/day  continuous  operation.  The  conceptual  de- 
sign of  sudi  a projector  was  the  basic  task  addressed  in  this  study. 


TABLE  1.  DESIRED  IMPROVEMENTS 
(TO  /.SPT  TYPE  DISPLAY) 


e COLOR  CAPABILITY  FOR  AIR  Ta 
GROUND  MISSION 

e HIGHER  BRIGHTNESS  AT  EOUAL 
RESOLUTION 

e HIGH  RELIABILITY  AND  EASE 
OF  MAINTENANCE  FOR  HIGH 
AVAILABILITY 

e REDUCED  OPERATING  COST 
e RUGGEDIZED  TO  TAKE  MOTION 
e GROWTH  TO  MULTITARGET 
CAPABILITY 
e REDUCED  WEIGHT 


Figure  1.  Improved  ASPT 
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Section  1 - Introduction  and  Summary 
Subsection  A - Study  Overview 

2.  A SYSTEMATIC  APPROACH  WAS  USED  TO  DEFINE  A RESPONSIVE  SYSTEM 


To  meet  the  objective  stated  above  meant  breaking  new  ground  In  the  state 
of  the  large  screen  display  art.  A methodical  approach  emi^aslzlng  quantitative 
analysis  was  adopted  as  the  basic  approach.  It  was  dear  from  the  start  that  to 
reach  the  performance  goals  required  a complete,  element-by-element  upgrading 
of  the  breadboard  HDP-800  sln^e-channel  liquid  crystal  light  valve  projector. 

The  key  feature  of  the  study  approach  was  the  comprehensive  Investigation  (joint- 
ly funded  by  the  stucfy  and  Independent  research  and  devdopment  (IR&D))  of  every 
projector  component  to  determine  quantitatively  the  range  of  feasible  alternatives 
and  potential  growth  areas  for  each.  A good  example  of  such  an  Investigation  was 
the  two-phase  subcontract  to  Kollmorgen  to  develop  a conceptual  approach  to  a 
required  hl^  performance  wide  an^e,  long  back  focal  length,  curved  screen 
projection  lens  and  then  to  optimize  and  analyze  the  design.  The  study  not  only 
versified  feasibility,  but  also  resulted  in  a design  of  outstanding  performance. 

This  was  followed  by  a systematic  exploration  of  system  performance  al- 
ternatives (which  were  based  on  component-levd  alternatives)  to  determine  vhat 
combination  of  component  performances  is  best  to  meet  specifications  yet  mini- 
mize cost,  wei^t,  size  and  risk.  The  critical  areas  of  brl^tness,  resolution 
and  color  registration  received  special  attention. 

The  optimized  system  configuration  was  then  defined  In  detail  electrically, 
optically,  and  from  an  equipment  point  of  view.  A detailed  analysis  of  the  per- 
formance characteristics  was  subsequently  performed  to  verify  compliance,  to 
identify  risk  areas,  and  to  point  out  areas  of  near-term -feasible  performance 
growth. 

The  ultimate  objective  of  arriving  at  a design  vhich  was  easy  to  integrate 
Into  a full  multiprojector  system  was  considered  in  all  phases  of  the  study.  Spe  - 
cial attention  was  paid  to  ensuring  that  the  resulting  midtiprojector  system  has 
the  necessary  attributes  to  attain  hi^  availability,  i.  e. , high  reliability,  rapid 
fault  isolation  and  repair,  good  accessibility  and  - most  important  - ease  of 
system  and  projector  alignment. 

TABLE  2.  STUDY  OBJECTIVES  AND  APPROACH 

Study  Objective 

0 Develop  conceptual  design  and  detailed  hardware/performance  for  hi^  per- 
formance color  television  projector  for  CIG-driven,  optically  mosaicked 
simulators 


Approach 


0 Requirements  Analysis  0 

0 Technology  Survey  0 

0 Component  0 

Investigations 

0 Optical  Subcontract  0 

0 System  Trade-offs  0 

0 Projector  Definition  0 


Understand,  interpret  and  prioritize 
requirements 

Brief  survey  and  analysis  of  current  technology 
for  candidates 

Broadbased  investigation/development  of  all  pro- 
jector components  (study  and  concurrent  IR&D 
effort) 

Subcontract  analysis  of  critical,  complex  compo- 
nent (two-phase  design/optimization) 

Quantitative  analysis  of  critical  areas;  optimize 
for  low  risk/compliance 

Detailed  conceptual  design/definition  of  hardware 
and  performance 
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REQUIREMENTS  ANALYSIS  AND  TECHNOLOGY  SURVEY  LAID  THE  GROUNDWORK 
FOR  PROJECTOR  DESIGN 


Two  purely  analytical  tasks  were  undertaken  as  part  of  the  study:  a thor- 
ough analysis  of  the  request  for  proposal  (RFP)  requirements,  and  a survey  of 
applicable  technology.  The  first  effort  began  udth  a briefing  by  AFHRL  on  study 
objectives,  system  operational  requirements,  and  the  history  and  future  plans  for 
the  wide  angle  FOV  simulator  visuals.  This  was  followed  by  a visit  to  Williams 
AFB,  Arizona  with  the  HRL  representative  to  observe  the  hardware  and  visual 
operation  of  the  ASPT.  Guidance  was  received  from  AFHRL  in  establishing  pri- 
orities on  the  varied  technical  requirements.  The  information  thus  obtained  was 
interpreted  and  expanded  where  needed  to  ensure  that  the  requirements  were  well 
understood,  as  well  as  sufficiently  comprehensive  so  that  conceptual  design  of  the 
projector  could  be  initiated. 

The  second  effort  was  a brief  but  comprehensive  two-phase  survey  of  the 
state  of  the  potentially  applicable  display  device  art.  At  the  outset,  the  field  was 
quickly  reviewed  to  verify  that  the  proposed  approach  - liquid  crystal  li^t  valve 
projector  — was  the  best  choice.  Ilie  second  phase  had  the  same  basic  objective, 
but  was  conducted  very  late  in  the  study  to  ensure  timeliness  of  the  survey  conclu- 
sions. It  was  found  in  the  second  phase  that  General  Electic  (GE)  had  developed 
a 1000-line  color  light  valve.  This  unit  is  the  only  available  har^are  that  is 
within  striking  range  of  the  required  performance.  Additive-color  projection 
CRT  techniques  are  low  on  light  output,  use  very  high  voltages,  and  weigh  too 
much.  A liquid  crystal  light  valve  color  projector  can  provide  more  resolution 
and  twice  the  brightness  of  the  1000-line  oil-film  light  valve  system,  with 
further  improvements  feasible.  It  remains,  therefore,  the  clear  technology 
choice  for  high  resolution  color  optically  mosaicked  simulator  visuals. 


TABLE  3.  HIGHLIGHTS  OF  REQUIREMENTS  ANALYSIS  AND  SURVEY  TASKS 


Requirements  Analysis 


Study/Observe  ASPT  System  (Analyze  Reports,  Visit  Williams  AFB,  Az) 
Determine  Relative  Importance  of  Requirements  (Critical,  Important, 
Desirable)  with  AFHRL  Guidance 
Interpret  Requirements  - Document  Results 


Survey 


Quick,  Broad  Survey  of  the  State-of-the-Art 
Analyze  Candidate  Techniques 
Compare/Evaluate; 

- Additive  Color  CRT  Projection 

- GE  1000-line  color  light  valve 

- GE  three  projector  lOOO-line  mcmochrome 

Concluded  Liquid  Crystal  Light  Valve  Technology  is  Logical  Choice 


Section  1 — Introduction  and  Summary 
l^bsection  A — Study  Overview 

4.  THE  HDP-800  SINGLE-CHANNEL  PROJECTOR  PROVES  PRACTICALITY  OF  LCLV 
CONCEPT 

The  selected  LCLV  approach  has  been  shown  to  be  a practical,  attractive 
technique  for  generating  a hi^  quality  projected  image  (see  Figure  2 showing  the 
HDP-800  projector  built  by  Hughes  in  1975  and  now  going  into  full  production). 

The  sensitive,  hlj^i  Ught-efflciency  and  high  resolutloD  liquid  crystal  light  valve 
(LCLV)  is  the  key  to  the  features  listed  below.  Driven  by  a high  resolution,  low 
power  fiber  optic  CRT,  the  light  valve  produces  a bi-refringent  image  in  a thin 
liquid  crystal  layer  which  can  be  projected  on  a screen  with  the  aid  of  polarized 
li^t,  derived  from  an  external  light  source  and  an  efficient  polarizing  beam- 
splitter. The  10  kV  CRT  requires  little  power  even  at  hig^  deflection  speeds, 
and  forms,  in  direct  contact  with  the  LCLV,  a small  (14"),  rugged,  hi^-gain 
image  generator  unit. 

Adaptation  of  this  basic  approach  to  an  additive  color  system  for  optical 
mosaicking  has  many  conceptual  advantages.  First,  three  image  generators, 
sharing  the  same  illumination  system  and  projection  optics,  can  provide  full  color 
capability  with  the  aid  of  dichroics  vdiidi  ^llt  the  vdiite  projection  li^t  into  blue, 
green  and  red  components.  Hig^  resolution  is  obtained  without  much  equipment 
comidexlty,  with  farther  growth  is  feasible.  Because  of  the  low  light  absorption 
of  liquid  crystals,  high  light  levels  - limited  only  by  the  light  source  - are  attain- 
able. The  output  is  polarized,  thereby  doubling  the  effective  efficiency  of  infinity 
optics  used  in  simulators.  The  collinear,  coplanar  and  collimated  light  beam 
makes  distortion-free,  hi^  resolution  optics  achievable  at  low  cost.  Finally, 
low  power,  linear  deflection  amgdlfiers  permit  mixing  of  distortion  or  registra- 
tion correction  signals  into  the  main  deflection  channel. 

These  features  point  to  the  LCLV  technology  as  an  excellent  choice  for 
Implementing  the  RFP  requirements.  Proven  performance  of  the  HDP-800  is  a 
solid  foundation  for  the  additive  color  configuration  considered  in  this  study. 
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6.  COMPONENT  INVESTIGATIONS  CONFIRMED  THE  FEASIBILITY  OF  THE  LCLV 
APPROACH 

A broad-based  effort  to  explore  and  extend  the  performance  of  critical 
components  of  an  additive  color  LCLV  projector  has  resulted  In  significant  pro- 
gress In  all  areas.  It  Is  based  on  these  Investigations  (some  study  funded,  most 
of  them  funded  by  Hu^es),  that  we  can  assert  the  feasibility  of  a color  projector 
compliant  with  die  requirements  of  the  RFP. 

Table  4 lists  the  basic  components  of  the  projector,  together  with  dieir 
critical  parameters  and  the  progress  made  during  the  past  year  for  each  one.  In 
some  areas  (lamp,  prism,  ^chroics  and  projection  optics)  the  performance  re- 
quired to  support  a compliant  system  was  verified  experimentally  or  by  extensive 
analysis.  For  others  (illumination  optics,  CRT),  in-house  breadwardlng  or  com- 
ponent development  has  led  to  a thorou^  understanding  of  the  techniques  to 
achieve  desired  performance.  These  activities  have  shown  that  current  perform- 
ance can  be  extrapolated  to  the  required  levels  with  confidence. 

While  the  liquid  crystal  li^t  valve  resolution,  light  efficiency,  sensitivity 
and  spectral  response  characteristics  are  more  than  adequate,  and  near-term 
compliance  to  contrast  and  uniformity  can  be  predicted  witii  confidence,  file  re- 
sponse time  to  accommodate  the  high-speed  motion  requirement  is  achievable 
with  current  technology  only  at  the  sacrifice  of  grey  scale.  This  problem  has 
been  shown  to  be  tractable;  success  depends  on  the  level  of  R&D  effort  devoted 
to  resolve  it. 

TABLE  4.  ACCOMPLISHMENTS  OP  COMPONENT  INVESTIGATIONS 


Component 


Lamp* 


Prism* 

Dlchrolos 


LCLV* 


CRT* 


Optics 


Critical  Parameter 

Status 

Pre  Study 

Current 

Predicted 

Light  Output 

800  lumens 

1600  lumens 

X 

IMiformity 

*50% 

*35% 

±10% 

Stress  Bl-refringenoe 

Yes  (Glass) 

None  (SlOg) 

x(i) 

- 

- 

Feasible 

X 

Speed/Li^t  Efficiency 

See  Text 

60  ms/40% 

30  ms/50% 

Resolution 

2.0  mil 

1.3  mils 

1. 1 mils 

Feasible  ? 

Probably  (?) 

Verified 

X 

Depolarization  Ratio 

No  Data 

Verified 

X 

* Conducted  on  IR&D  funds  (results  reported  in  stucfy) 
X Current  performance  adequate 
(1)  Potential  cost  problem 
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Section  1 - Introduction  and  Summary 
Subsection  A - Study  Overview 

6.  KEY  TRADE-OFFS  ACfflEVED  A BALANCE  BETWEEN  BRIGHTNESS,  RESOLUTION 
AND  FIDEUTY  REQUIREMENTS 

The  basic  approach  to  Implementing  the  required-performance  projector 
is  defined  by  the  conclusions  derived  from  system  trade-offs  in  three  critical 
areas:  brightness  (more  correctly,  light  output),  resolution  and  image  fidelity 
(color  registration,  distortion,  interwindow  continuity). 

Each  of  these  parameters  is  affected  by  a number  of  the  system  compo- 
nents. To  ensure  a systematic  approach  toward  optimizing  the  design,  a compre- 
hensive model  was  developed  for  each  parameter  (and  other  less  critical  param- 
eters as  well)  and  the  range  of  available  performances  for  each  element  in  the 
model  was  defined  based  on  component  investigation  results.  Trade-off  relation- 
ships defining  total  system  performance  as  a fimction  of  the  most  critical,  highest 
risk  and  greatest  cost-impact  elements  were  then  developed.  The  results 
were  plotted  graphically  M^enever  possible  to  gain  a quantitative  insight  into 
critical  interactions  among  these  elements. 

The  selected  combination  of  component  performance  was  guided  by  the 
desire  to  "optimize"  (within  the  constraint  of  meeting  requirements)  by  equalizing 
risk  across  elements  of  each  model.  The  resulting  design  - to  the  extent  we  suc- 
ceeded in  our  optimization  - is  the  most  conservative  design  attainable,  and  does 
not  depend  on  high-risk  components  to  meet  design  requirements. 

The  hardware  design  approaches  w^ich  have  been  selected  as  a result  of 
these  three  system  tradeoffs  are  presented  in  the  "Recommended  Approach" 
column  of  Table  5.  The  component  improvements  which  will  result  in  near-  and 
long-term  performance  growth  are  presented  in  the  right-hand  coliunn. 


TABLE  5.  RESULTS  OF  KEY  TRADE-OFFS 


j 

Recommended  Approach 

Growth 

• Brightness 

1.6  kW  lamp 

Eliminate  relay 

(250  lumens 

Relay  optics  to  minimize  risk 

Increase  LCLV  q 

polarized  light) 

Based  on  measured  LCLV  q 
Broadband,  60  nm  dichroics 
High-q  projection  optics 

Gain  of  8 screen 

2. 5 kW  lamp 

• Resolution 

1. 1 mil  spot  CRT 

0.9  mil  spot  CRT 

(30%  MTF  at 

Based  on  measured  LCLV 

Improve  LCLV 

1000  TV  lines) 

resolution 

resolution, 

sensitivity 

• Image  Fidelity  ^ 

Initial  mechanical  alignment 

Improve  stability 
further 

Color  Registra- 
tion (0. 06%) 

Distortion  (0.5%) 

Interwindow 

Discontinuity 

Analog  correction  circuits 

Digital  correctimi  memory  map 
Stable  (0. 02%)  deflection  ckts 
Referoice  slide  in  projector 

Better  fiber 
optics 

’ 1 


7.  CONCLUSIONS  AND  RECOMMENDATIONS 


iTie  component  investigations  and  the  system  trade-offs  performed  on  this 
study  conclusively  established  the  tedinioal  feasibility  of  an  additive-color  liquid 
crystal  light  valve-based  hig^  resolution  TV  projector.  Equally  important,  com- 
pliance with  RFP  requirements  and  "desirables"  (high  quality  visual  display, 

CIG  compatibility,  operation  on  motion  platform,  minimum  weight,  hig^  avail- 
ability) is  achieved  without  compromising  the  long-term  goal  of  developing  a 
practical,  reasonable  cost,  field-maintainable  projector.  None  of  the  baseline 
components  are  excessively  large,  require  excessive  power,  or  are  difficult  to 
maintain;  and  the  feasibility  of  integrating  these  components  into  a compact,  li^t- 
weis^t  and  easily  accessible/maintainable  package  has  been  verified. 

A surprisingly  high-avallabllity  mulUproJector  system  is  achievable  by 
the  baseline  design.  A system  reliability  of  1130  hours,  means  for  system  align- 
ment without  interaction  between  windows,  and  centralized  minicomputer /disc 
hardware  dedicated  to  supporting  maintenance  are  the  key  concepts. 

Since  compliance  is  based  on  a conservative  design  approach,  near-term  J 

performance  growth  in  several  areas  critical  to  effective  visual  simulation  can  1 

be  implemented  at  minimal  risk.  { 

Based  on  the  positive  results  of  this  study  it  is  recommended  that  advanced 
development  work  should  continue  to  reduce  the  few  remaining  areas  of  risk  to 
demonstrable  performance.  Additionally,  an  effort  to  analyze  growth  areas  in 
order  to  meet  the  needs  of  advanced  simulator  plications  should  be  initiated. 


TABLE  6.  SUMMARY  OF  KEY  CONCLUSIONS  AND  RECOMMENDATIONS 


• RFP  Compliant  Projector 
is  Technically  Feasible/ 
Practical 

• Excellent  visual  quality 

• Rugged  and  U^twel^t  (280  lbs) 

• Maintainable  and  reliable  (8000  hr 

MTBF) 

• Easily  modified  to  implement  multi- 
projector system 

• Significant  Near-Term 
Performance  Growth  is 
Achievable 

• Increased  resolution 

• Increased  brightness 

• Reduced  size/weight 

• Multitarget  capability 

• Holographic  pancake  window 
compatibility 

• Recommend  Continuation 
of  Advanced  Development 

Effort 

> 

• Continue  R&D  to  eliminate  few  areas  of 
risk  (CRT,  relay,  LCLV  response, 
prism) 

• Verify  interface  with  pancake  window 

• Build  feasibility  model  projector 
■ Investigate  multitaiget  capability 

11 
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Section  1 - Introduction  and  Summary 
Subsection  B - Resulting  Baseline  Design 

1.  FUNCTIONAL  DESIGN  OF  BASELINE  PROJECTOR 


A functional  diagram  of  a full-color,  lOOO-line  LCLV  television  projector 
is  shown  in  Figure  3.  Its  operation  is  conceptually  similar  to  that  of  the  HDP- 
800  described  earlier,  with  some  of  the  following  differences. 

• The  white  li^t-beam  is  split  into  three  color  beams  (red,  green  and 
blue)  using  dichroics  and  trim  filters. 

• Each  light  beam  is  modulated  independently  with  a lOOO-line  raster 
using  three  identical  CRT/LCLV  image  generators. 

• Analog  (orthogonality,  gamma  correction)  and  digital  (correction  mem- 
ory) circuitry  is  added  to  permit  accurate  aligning  of  the  three  deflec- 
tion and  video  channels;  and  gain/offset-stable  circuits  are  incorpor- 
ated to  maintain  color  registration  of  the  projected  image  once  aligned. 

• Lamp  power  is  increased  to  1,600W  to  compensate  for  losses  in  the 
dichroics  and  in  the  optical  system. 

• Projection  optics  are  redesigned  to  accommodate  the  24"-radius 
curved  screen  and  the  optical  mapping  characteristics  required,  and 
to  compensate  for  the  long  back  focal  length  needed  for  the  dichroic 
assembly. 

• A hemisi^exical,  bi^-gain,  nondepolarizing  screen  is  provided. 

The  projector  also  incorporates  digital  test  pattern  generation  and  storage 
to  facilitate  system  alignment  and  troubleshooting.  Organization  of  the  electron- 
ics assumes  that  the  projector  is  operating  as  part  of  a full-cockpit  multiprojector 
simulator;  a central  minicomputer /disc  facility  (not  shown)  is  therefore  provided 
to  store  and  recall  test  patterns,  to  aid  with  setting  up  the  correction  memory  of 
all  image  generation  channels  (3  x number  of  projectors),  and  to  assist  with  other 
maintenance  ftinctions. 
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2.  PHYSICAL  CONFIGURATION  OF  BASEUNE  SYSTEM 


Figure  4 shows  a top  (rear)  layout  of  the  recommended  projector.  The 
basic  structure  is  a three-inch-thick  honeycomb/aluminum  plate  sandwich  which 
serves  as  a rigid,  optically  flat  foundation  for  coplanar  mounting  of  all  optical 
components.  Coplanarify  minimizes  sources  of  distortion  error  and  simplifies 
alignment.  The  lamp,  the  dichroic  assembly,  and  the  projeetion  relay  optics  ari 
prealigned  optical  assemblies  which  fasten  directly  onto  the  plate. 

The  baseline  illumination  optics  conservatively  Incorporate  a long  relay 
system  which  occupies  a sizable  area  on  the  plate.  Expected  development  of  a 
proper  focal  length  reflector  for  Ihe  xenon  lamp  will  eliminate  the  need  for  the 
relay,  and  both  increase  li^t  output  and  reduce  projector  size/weight. 

All  platform  electronics  - consisting  of  channel  deflection/vldeo/CRT 
circuits  in  a 22-card  cardbox,  deflection  amplifiers,  and  hig^i  voltage  and  deflec' 
tion  amplifier  power  supplies  - are  mounted  underneath  the  plate.  Regulated 
power  is  supplied  to  all  projectors  from  a centralized,  redundant  power  supply 
rack. 

A full  cockpit  multiprojector  system  (shown  in  Figure  5)  is  implemented 
by  rigi^y  mounting  the  projectors  with  lightweight  support  struts  attached  be- 
tween the  optical  plate  and  the  dodecahedron  frame  wMch  surrounds  the  cockpit 
and  mounts  the  pancake  windows.  The  projectors  are  mounted  perpendicular  to 
a pentagonal  side  for  alignment  with  the  pancake  windows,  and  can  be  oriented  in 
i either  of  two  directions  to  simplify  access.  The  screen  is  mounted  directly  to  a 

plate  which  is  attached  to  the  dodecahedron  frame,  independent  of  the  projector. 
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2.  PHYSICAL  CONFIGURATION  OF  BASELINE  SYSTEM  (Continued) 


a)  PERSPECTIVE  VIEW  OF 
MULTI#ROJECTOR  SYSTEM 


• aao-Le,  ruggeoizeo  projector 

• lightweight,  rigid  mounting  op 
PROJECTORS  TO  DODECAHEDRON 
STRUCTURE 

• PROJECTOR  ORIENTATION  ALIGNED 
WITH  ILIOS  AND  SELECTED  POR  EASE 
OP  ACCESS 

• ALTERNATE  PROJECTOR  APPROACH 
(SMALLER  SIZE/LIGHTER  WEIGHT/ 
HIGHER  LIGHT  OUTPUT)  APPEARS 

.VERY  PEASIBLE 


ILLUMINATION  AND 
PROJECTION  OPTICS  ' 


l.S  kW  LAMP  % 


IMAGE  GENERATION 
(THREE  CRT/LCLV) 


POWER 
’ SUPPLIES 


PROJECTION 

LENS 


. ELECTRONICS 
(3  CHANNELS) 


PROJECTOR 


SUPPORTING 

STRUCTURE 


24"  RADIUS 

HEMISPHERICAL 

SCREEN 


PANCAKE 

WINDOW 

(ILIOS) 


PILOT 

HEAD 

POSITION 


b)  PERSPECTIVE  VIEW  OF  PROJECTOR 


C)  SIDE  VIEW  OF  PROJECTOR  AND 
SCREEN  MOUNTED  ON  DODECA- 
HEDRON FRAME 


Figure  5.  Approach  to  Hardware  of  a Multiprojeccor  Simulator  Implementation.  The  resulting 
arrangement  is  a rigid,  lightweight  (^2600  lb  for  7 channels)  ^^dition  to  the  basic  platform 
structure  which  can  operate  in  the  acceleration/vibration  environment  of  the  motion  platform. 
High  reliability  and  ease  of  access  to  all  optics  and  electronics  aids  alignment  and  troubleshoot- 
ing to  yield  a very  high  availability  system. 
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3.  BASELINE  SYSTEM  FEATURES 


The  hi^  visual  quality,  systeiA  flexibility,  and  attractive  hardware  char- 
acteristics of  the  basic  projector  translate  directly  into  a high-availability,  multi- 
projector, full -cockpit  simulator  visual  system  capable  of  providing  the  pilot  with 
a realistic  CIG  simidation  of  the  real  world. 

The  projector  features  near -compliant  performance  in  the  visual  area, 
and  provides  visual  quality  >»hich  far  exceeds  that  available  from  other  state-of- 
the-art  techniques.  Modulation  transfer  function  (MTF)  of  the  projected  image 
is  30%  at  1000  lines  (v^ich  is  equivalent  to  1500  TV  lines  limiting).  Brightness 
of  the  baseline  system  is  250  fL  polarized,  yielding  an  effective  bri^tness  of 
500  fL  throu^  the  pancake  window.  Bri^tness  uniformity,  and  contrast  although 
falling  subtly  short  of  RFP  requirements  will  not  introduce  noticeable  degrada- 
tion to  image  quality.  Color  range  and  purity  will  be  as  required,  with  color  mis- 
registration held  to  one-half  line  width,  worst  case.  Response  time  required 
to  support  hi^  speed  motion  will  be  met  with  an  improved  LCLV.  Significant 
growth  capability  is  feasible  in  resolution  and  in  brightness  with  additional  devel- 
opment effort.  The  projector  readily  interfaces  with  the  specified  CIG.  The 
hardware  is  lightweight  (280  pounds  baseline,  240  pounds  alternate),  ruggedized 
to  take  motion  platform  ^bration  and  acceleration,  and  has  high  reliability.  The 
projector  is  designed  to  facilitate  accurate  mosaicking  with  adjacent  projectors 
in  a full-cockpit  arrangement.  Brightness  variation  and  inter-window  discon- 
tinuities are  held  low  by  good  distortion  control  and  by  a systematic  alignment 
procedure  featuring  reference  slides,  digital  correction  memories,  and  test  pat- 
terns. These  features,  coupled  with  basic  high  projector  reliability  and  redun- 
dant central  power  supplies  yields  a multiprojector  system  with  not  only  high 
mission-critical  reliability  (1130  hours  for  7 channels)  but  ease  of  alignment/ 
troubleshooting  as  well. 

TABLE  7.  SUMMARY  OF  BASELINE  SYSTEM  FEATURES 


BASIC  PROJECTOR  FEATURES  MULTIPROJECTOR  SYSTEM  FEATURES 


Accurate  Mosaicking 

• Brightness  Variation  < ±17.  7%  (rms) 

• Interwindow  Discontinuity  1% 

High  Availability 

9 Mission-Critical  MTBF  of  1130  Hours 

• Many  Maintainability  Features 

• Central  Minicomputer  and  Dual  Discs 
for  Test  Patterns,  Diagnostics, 
Computer  Aided  Alignment 

• Reference  Slide  for  System  Alignment 
on  a Projector-by-Projector  Basis 

Compatibility  with  Motion 

• Rigid  Mounting  of  Projectors 
to  Dedecahedron  Structure 

• Total  Weight  on  Platform  is  Approx- 
imately 2600  pounds  for  7-chaimel 
visual  system 


High  \Tsual  Quality 

• High  Brightness  (with  Growth) 

• 30%  MTF  at  1000  TV  Lines 

• FuU  Color 

• Response  Time  Nearly  Adequate 

Interface  Flexibility 

• Linear  Deflection 

• Correction  Memory  for  Distortion 

Hardware  Characteristics 

• Weighs  280  pounds  (240  jx>unds 
Alternate) 

• Ruggedlz^  to  Take  Shock 

• 8000  Hour  MTBF 

• All  Components  Easily  Accessed 


IS 


SECTION  2 

REQUIREMENTS  ANALYSIS 


Sutnmvy  of  Key  Technical  Requirements 

Clarification  of  Image  Requirements 

Clarification  of  Electrical  and  Optical  Requirements 
Clarification  of  Equipment- Related  Requirements  , 
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Section  2 - Requirement  Analysis 


1.  SUMMARY  OF  KEY  TECHNICAL  REQUIREMENTS 


Prioritizing,  interpreting  and  expanding  on  the  requirements  was  the  first  task  in  the 
study.  The  results  of  that  task  are  summarized  here. 

This  section  outlines  the  technical  requirements  for  the  high  resolution, 
high  brightness  color  TV  projector  defined  in  the  study.  The  projector  is  intended 
to  operate  as  a direct  replacement  for  any  one  of  tlje  CRTs  in  the  ASPT;  fur- 
ther, it  must  be  capable  of  generating  a wide  field-of-view  by  being  mosaicked 
together  in  the  dodecahedron  configuration  developed  for  ASPT.  In  general, 
the  RFP  for  the  study  clearly  delineates  the  overall  requirements.  However, 
in  some  areas  additional  clarification  is  required;  in  o^ers,  the  pecularities 
of  the  liquid  crystal  projector  create  the  need  to  refine  the  requirements  fur- 
ther. This  was  the  objective  of  the  first  study  task. 

A summary  of  the  technical  requirements  is  given  in  Table  8.  The 
requirements  are  classified  as  being  "critical",  "important",  and  "non-critical", 
in  order  of  relative  importance.  This  ordering  was  done  to  permit  meaningful 
trade-offs  to  be  made  among  performance  parameters.  "Critical"  requirements 
are  those  which  must  be  met  or  else  the  realism  of  the  wide-field-of-view  dis- 
play seen  by  the  pilot  in  the  final  (dodecahedron)  configuration  is  seriously 
degraded.  RFP  requirements  represent  the  minimum  acceptable  performance. 
"Important"  requirements  are  those  for  which  the  RFP  specifications  should  be 
met  if  possible  and  where  cost-effective  even  if  some  of  the  "non-critical" 
requirements  are  compromised  in  the  process.  The  "non-critical"  require- 
ments are  those  most  readily  traded  off  for  the  sake  of  meeting  porformance 
for  "critical"  or  "important"  parameters,  or  for  the  sake  of  lowering  cost  and 
improving  reliability. 

"Desired"  porformance  is  listed  for  all  requirements  for  which  perform- 
ance exceeding  that  specified  in  the  RFP  materially  improves  ovorall  system 
effectiveness.  Estimated  values  for  desired  performance  are  tabulated  in  the 
right-hand  column. 


TABLE  8.  TABULATION  AND  C LASSIFICATION  OF  TECHNICAL  REQUIRE- 
MENTS FOR  THE  COLOR  PROJECTOR 


Parameter 

Image  Requirements 

Brightness 

^’npolarlzed. 

Polarized 

Brightness  Variation 
Across  Screen 
Edge- to- Edge 
With  Head  Motion 

Contrast  Ratio 

Resolution 
Horizontal  Center 
Horizontal  Edge 

Geometric  Distortion 
Edge 
Center 


Color 

Range 

Spatial  Uniformity 

Constancy 

Registration 

Persistence 


Electrical  Requir< 
Video 
Stability 
Alignment 
Video  Bandwidth 
Risetime 
Interface 


luirements 


Optical  Requirements 
Mapping 

Display  Configuration 
Pentagonal 

Rectangular  (1:1  or  4:3) 
Flat  Screen  (1:1  or  4:3) 

Mechanical/Environmental 

Motion 

Orientation  ' 
Acceleration 
Weight 
Temperature 
Humidity 


CrlticalHy<^> 

RFP  Requirement 

I 

480  fL 

240  fL 

NC 

25% 

C 

12% 

NC 

not  specified 

I 

25:1 

C 

30%  @ 1000  TV  lines 

C 

35%  @ 750 

C 

1.0% 

I 

1.0% 

I 

not  specified 

NC 

P22 

I 

not  visible 

I 

not  visible 

I 

not  specified 

I 

no  color  shift 
no  smearing 
single  frame  writeup 

C 

see  Topic  2-3 

C 

0.5% 

C 

see  Topic  2-3 

C 

20  MHz  ±1  dB 

c 

25  ns 

c 

see  Topic  2-3 

c 

see  Topic  2-3 

c 

89°  pentagon 

NC 

half  angle  of  45^ 

NC 

60°  X 60°,  60°  X 80° 

C 

any  angle 

C 

see  Topic  2-4 

I 

minimize  platform  weight 

I 

60-85OF 

I 

10-60% 

(1) C  = Critical,  I = Important,  NC  = Non-critical 

(2) as  high  as  possible 

" means  "same  as  RFP  requirement" 


Desired* 


1000  fL 
500  fL 


0.06% 


30  MHz  @ 3 dB 
15  ns 


any  motion  platform 
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Section  2 - Requirements  Analysis 


2.  CLARIFICATION  OF  IMAGE  REQUIREMENTS 


Critical  image  requirements  include  minimum  brightness  variation  across  adjacent 
screen  edges,  resolution  across  the  screen  and  minimum  geometrical  distortion  at  the 
screen  edge. 

Brightness  - This  is  an  important  requirement.  While  a lower  brightness 
level  mightbe  acceptable  it  is  clearly  undesirable.  The  RFP  requirement  of  480 
fL  assumes  unpolarized  light  emanating  from  the  spherical  surface.  If  light  is  polar- 
ized and  the  direction  of  polarization  lines  up  with  the  polarization  axis  of  the  pan- 
cake window,  the  brightness  requirement  is  halved  (240  fL).  To  use  this  lower 
value,  means  of  lining  up  the  polarization  of  the  projector  ouqjut  with  the  axis 
of  the  first  polarizer  In  the  pancake  window  must  be  provided.  Note  that  the 
polarization  axis  of  the  pancake  window  is  always  perpendicular  to  one  side  of 
the  pentagon  which  defines  the  circumference  of  the  window. 

Brightness  Variation  Across  Screen  - This  is  a non-critical  requirement. 
Although  g^  uniformity  is  desirable  to  avoid  further  degradation  in  brightness, 
uniformity  (over  and  above  the  degradation  introduced  by  transmission  non- 
uniformities in  the  pancake  window),  it  is  felt  that  a brightness  variation  (Bmax- 
Bmin/Bmax)  of  as  much  as  50%  (or  ±25%)  would  yield  a very  acceptable  display. 
However,  variation  in  brightness  must  be  gradual,  and  sharp  gradients  must  be 
avoided. 

Br ightne^  Variation  Across  Edpes  - This  has  been  identified  as  a critical 
requirement,  with  less  than  12%  variation  across  two  screen  edges.  It  is  proposed 
to  treat  this  as  an  "important"  requirement,  and  raise  the  acceptable  brightness 
variation  to  30%  (while  keeping  12%  as  the  goal)  for  the  following  reasons: 

e Pancake  window  transmission  can  vary  as  much  as  ±20%  around  the 
periphery. 

e Dark  metal  strip  defining  outline  of  each  facet  minimizes  sensitivity 
of  the  pilot  to  changes  in  brightness. 

e Since  brightness  variation  around  the  periphery  can  be  caused  by  lens 
light  falloff,  and  non-uniformity  in  screen  gain,  In  the  light  valve  and 
in  lUiunlnatlon,  achieving  a 12%  tolerance  will  be  extremely  difficult. 

Given  the  variation  due  to  the  pancake  window  (40%),  the  % increase  in 
brightness  variation  across  the  edge  due  to  relaxing  the  tolerance  on  the  projector 
from  12%  to  30%  is  only 

(40  + 30)  -(40  + 12) 

(40  + 12) 

and  appears  to  be  a cost-effective  compromise. 

Brightness  Variation  as  a Function  of  Pilot  Head  Motion  - The  CRT  used 
in  the  mon^hrome  system  is  a Lambertian  source  of  radiated  light:  i.e.,  the  appar- 
ent brightness  of  a displayed  object  is  invariant  with  the  angle  from  which  it  is 
viewed.  In  a system  in  which  a screen  with  directional  properties  is  used,  the  varia- 
tion in  brightness  as  a function  of  pilot  head  motion  must  be  specified.  This  fall- 
off will  manifest  itself  as  a decrease  in  image  brightness  for  every  point  on  the 
display  for  which  the  ”viewing-line-of-sight"  is  not  radial.  The  effect  of  this  varies 
as  a ftiiictlon  of  pilot  head  motion  direction.  When  the  head  moves  forward, 
the  brightness  in  the  center  of  the  display  will  remain  constant,  but  there  will 
be  a gradual  falloff  around  the  periphery.  When  the  head  moves  perpendicular 
to  the  forward  direction  (i.e. , It  moves  to  the  side),  there  will  a (nearly) 
uniform  decrease  in  brightness  of  the  whole  display. 


^ I 

» 

» 

I 

I 


i 

I 

i 


I 


Since  the  falloff  Is  gradual,  a brightness  variation  of  2:1  in  average  bright- 
ness(l)  over  the  viewed  display  as  the  pilot's  head  moves  within  a 6"  radius  ^here 
is  not  expected  to  be  objectionable,  and  will  be  established  as  a design  goal.  A vari- 
ation of  1.5:1  is  established  as  a desirable  goal.  Furthermore,  the  percentage  dif- 
ferential brightnessl2)  should  be  held  below  50%. 

Contrast  Ratio  - Contrast  ratio  is  defined  as  CR  = Bmax/Bmin  and  is  con- 
sidered an~'^ImportanF'  parameter.  Since  in  a full-color  system,  color  (as 
opposed  to  shades  of  ^ay)  will  be  the  primary  cue  for  differentiating  and  recog- 
nizing objects  in  the  visual  field,  high  contrast  - with  the  implication  of  a large 
number  of  shades  of  gray  - would  appear  to  be  much  less  critical  than  for  the  mono- 
chrome system.  A contrast  ratio  of  as  low  as  15:1  might  be  acceptable. 

Resolution  - Resolution  is  a critical  requirement  since  it  has  direct  bearing 
on  image  information  content.  Resolution  must  be  measured  at  the  screen  to  ac- 
count for  resolution  losses  in  the  video  chain:  CRT,  light  valve,  projection  leiu  and 
screen.  Resolution  is  best  specified  in  terms  of  a square  wave  MTF  responsel^) 
at  the  maximum  rate  at  which  the  system  can  be  modulated.  For  horizontal  reso- 
lution, the  maximum  modulation  rate  is  represented  by  on-off  modulation  of  suc- 
cessive elements,  equivalent  to  500  cycles,  or  1000  TV  lines.  Both  center  and  edge 
response  should  be  specified  at  this  value.  The  required  square  wave  MTF  response 
at  the  center  is  30%,  and  at  the  edge  is  15%.  The  latter  figure  is  equivalent  to  a 
35%  response  at  750  TV  lines,  the  resolution  specified  in  the  RFP.  Equivalency 
is  based  on  the  assumption  that  the  shape  of  the  MTF  curve  is  Gaussian;  this  assump- 
tion appears  to  be  reasonable. 

Geometric  Distortion  - A critical  requirement.  Deviation  from  the  ideally 
mapped  position  must  be  held  below  1%  of  screen  height  to  minimize  mismatch 
across  adacent  edges;  lower  distortion  (e.g.,  0.5%)  is  desirable.  While  edge  match- 
ing is  the  critical  consideration  here,  distortion  within  the  display  should  still  be 
below  1%. 

Color  Ranine--  A non-eritical  r^uirement.  Range  of  colors  should  match 
those  obtainable  with  P22  phosphor;  this  will  ensure  that  an  acceptable  range  of 
colors  will  be  available  on  the  one  hand,  and  that  the  system  will  be  compatible 
with  National  Television  Standards  Committee  (NTSC)  color  standards  on  the  other. 

Color  ^tial  Uniformity  - An  important  parameter.  Variation  in  color 
as  a function  of  spatial  position  should  not  be  discernible  to  the  pilbt. 

Color  Constancy  - This  is  an  important  parameter.  Color  changes  as  a func- 
tion of  brightness  should  be  minimized  so  as  to  be  indiscernable. 

Persistence  - This  is  an  important  requirement.  High  speed  motion  of  the 
visual  scene  must  be  presented  to  the  pilot  without  any  appearance  of  "smearing" 
in  the  display.  It  is  estimated  that  this  implies  a decay  of  the  displayed  image  to 
10%  of  its  original  brightness  in  one  frame  time  (33  ms)  assuming  that  image  decay 
is  exponential.  The  capability  to  present  a high  speed  motion  visual  scene  also  im- 
plies single-frame  writeup  of  the  image  to  ensure  brightness  consistency  with  image 
motion. 

Color  Registration  - This  is  an  important  requirement.  Poor  registration 
will  cause  color-mnging.  Misregistration  between  any  two  color  channels  must 
be  less  than  one  line  width,  0.1%  over  the  full  screen,  and  should  be  held  to  less 
than  0.06%  as  a design  goal. 

(1)  Average  of  brightness  seen  by  the  two  eyes  Ba  = (Bre  Ble)/2 

(2)  Differential  brightness  is  defined  as  Bq  = |Bre  - BlE  |/Ba 

(3)  MTF  Response  is  defined  as  MTF  = (Bmax  - Bmin)/(Bmax  + Bmin) 
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Section  2 - Requirements  Analysis 


3.  CLARIFICATION  OF  ELECTRICAL  AND  OPTICAL  REQUIREMENTS 


Electrical  requirements  affecting  computer  image  generation  (CIO)  compatibility, 
image  drift,  image  alignment,  and  image  resolution  are  all  critical.  The  mapping 
correction  of  the  optical  system  is  also  considered  critical. 

ELECTRICAL  REQUIREMENTS 

Video  Input  - This  is  a critical  requirement  to  ensure  compatibility  with 
the  ASPT  etc.  The  videos  for  each  channel  must  be  non-composite,  and  be  in 
accordance  with  Electronic  Industries  Association  (EIA)  Standard  R343  (except 
that  Section  2. 5 of  this  standard  does  not  apply,  and  the  words  "television  cam- 
era" shall  be  replaced  with  "CIG").  Video  input  csd.>les  must  be  terminated  in  750. 

The  video  signal  will  have  the  following  characteristics: 

• 1023  scan  lines/frame,  985  active  lines 

• 30  frames  per  second,  2:1  interlace  (60  fields/sec) 

• Horizontal  resolution  elements:  1000 

• Raster  aspect  ratio:  1:1. 

Stability  - This  is  a critical  requirement.  Image  drift  must  be  less  than 
±0.5%  around  nominal  position.  Note  that  in  order  to  meet  color  registration  re- 
quirements (see  above)  image  drift  should  be  considerably  better  than  ±0.5%,  un- 
less drift  is  common-mode  drift. 

AliCTment  - Incorporation  of  the  capability  required  to  aligpi  the  polariza- 
tion axis  of  the  projector  to  any  of  the  seven  windows  in  the  cockpit,  and  to  align 
the  projected  image  with  respect  to  the  neighboring  windov/s  to  minimize  edge  dis- 
continuities, is  a critical  requirement. 

To  provide  for  alignment  of  the  projected  image  with  the  neighboring  win- 
dows, means  of  rotating  the  raster  to  align  it  with  any  edge  of  the  pentagon  must 
be  provided.  This  should  be  implemented  by  a combination  of  gross  mechanical 
adjustments  and  a fine  electrical  adjustments.  To  ensure  high  light  transmission 
to  the  pilot,  means  of  mounting  the  projector  such  that  its  axis  of  polarization  is 
aligned  with  that  of  the  pancake  window  must  be  provided  as  discussed  above. 

The  range  which  the  positioning  rotational  and  gain  adjustments  should  cover  are 
estimated  to  be  as  follows: 


Gross  rotational 

+180° 

mechanical 

Fine  rotational 

±50 

electrical  and  mechanical* 

Vertical  position 

±10% 

electrical  and  mechanical 

Horizontal  position 

±5%  • 

electrical  and  mechanical 

Size 

±5% 

electrical  and  mechanical 

Video  Bandwidth  - This  is  a critical  requirement  in  that  it  affects  resolu- 
tion. Minimum  requirements  are  as  specified  in  the  RFP:  20  MHz  ± 1 dB  with  pulse 
response  fall  time  of  less  than  25  ns  with  less  than  10%  overshoot.  It  is  likely  that 
to  meet  the  horizontal  resolution  requirement  it  will  be  necessary  to  decrease  rise 
time  to  15  ns. 

Interface  - This  is  a critical  requirement.  The  projector  must  be  capable 
of  interfacing  with  the  ASPT  type  CIG  image  generator.  The  generator  has  an  ele- 
ment rate  of  40  MHz,  and  provides  the  following  signals  in  addition  to  three  videos. 

Element  rate  clock  pulse  40  MHz 

Horizontal  blanking  7 ps 

Vertical  blanking  619  ps 

Amplitude  of  these  signals  will  be  standard  transistor-transistor  logic  (TTL) 
levels  (+3V  minimum). 

♦Mechanical  adjustment  only  occurs  during  initial  alignment. 


22 


f .. 


OPTICAL  REQUIREMENTS 


Mapping  Correction  - This  is  a critical  requirement.  The  display  system 
mveri  the 


must  convert  the  display  video  which  is  derived  in  the  CIG  from  a computational 
display  plane  into  an  image  that  is  viewed  by  the  pilot  in  spherical  coordinates. 

The  display  shall  provide  the  following  transformation  between  object  distance  from 
the  display  center  on  the  computational  display  plane  (y)  (i.e.  the  video  image  gene- 
rated by  the  CIG)  to  the  image  chordal  height  (referenced  to  the  display  axis)  on 
the  spherically  curved  screen  (Y) 


Y = kj  sin  (tan 


-1 


if) 


where  ki  is  the  radius  of  the  screen,  and  k2  is  the  effective  back  focal  length. 

Display  Configurations  - Three  display  configurations  must  be  considered, 
a)  Spherical  screen,  pentagonal  optics.  A 1:1  raster  is  generated  by  the 
CIG;  however,  the  pilot  will  only  be  able  to  see  a pentagon  inscribed 
in  this  raster.  The  bottom  raster  line  is  one  of  the  pentagon  edges. 

The  vertices  of  the  projected  pentagon  lie  on  a chordal  plane  generated 
by  a cone  concentric  with  the  hemispheric  screen,  and  having  a half 
angle  of  approximately  45°. 

Spherical  screen,  rectangular  optics.  A rectangular  (1:1  or  4:3)  raster 
displayed  on  the  image  generator  is  fully  displayed  on  the  screen.  The 
vertices  of  the  projected  rectangle  lie  on  a chordal  plane  generated  by 
a cone  concentric  with  the  hemispheric  screen,  and  having  a half-angle 
of  approximately  45°  degrees. 

Flat  screen,  rectangular  optics.  The  full  CIG-generated  raster  (which 
is  either  1;1  (60°  x 60°)  or  3;4  (50°  x 69°)  is  displayed  on  a flat  screen. 
Maximum  projection  half-angle  (to  the  vertices  of  the  projected  rec- 
tangle) must  be  equal  to  45°. 


b) 


c) 


Section  2 - Requirements  Analysis 


4.  CLARIFICATION  OF  EQUIPMENT-RELATED  REQUIREMENTS 


The  color  television  projector  hardware  characteristics  are  based  on  the  following  basic 
requirements:  1)  operation  in  a fixed  site  having  air-conditioning;  2)  capable  of  beir^ 
mounted  on  an  ASPT-type  dodecahedron  mosaic  frame  structure;  3)  the  ability  to 
withstand  the  shock,  vibration,  and  linear/ angular  velocities  and  acceleration  of  an 
ASPT-type  motion  platform;  and  4)  provide  good  accessibility  to  all  projectors  in 
the  final  system.  Furthermore,  it  is  desirable  to  minimize  both  weight  and  nngnipi’ 
momentum  around  the  platform  axes. 

Operating  Environment  - Operation  in  a fixed  air-conditioned  building  im- 
plies operating  and  non-operating  temperature  between  60  and  850F,  and  humidity 
range  of  10%  to  60%. 

Mounting  to  Motion  Platform  - The  projector  (and  supporting  structure) 
must  be  mounted  to  the  dodecahedron  frame  which  surrounds  the  cockpit,  and  which 
supports  the  pancake  windows.  Projectors  must  be  capable  of  being  mounted  at 
any  attitude,  and  will  undergo  a rotation  of  +38  to  -20°;  the  projector  shall  be  fully 
operational  under  these  conditions. 

Each  projector  must  be  mounted  to  align  the  axis  of  polarization  of  the 
projector  with  that  of  the  pancake  window.  In  the  pancake  windows  observed  at 
Williams  AFB  this  axis  was  always  perpendicular  to  one  side  of  the  pentagonal  frame. 
Means  of  fine-tuning  alignment  of  the  two  axes  of  polarization  must  be  provided . 

Motion  Platform  Operation  - As  specified  in  the  RFP,  the  basic  require- 
ment states  that  the  imit  shall  be  capable  of  operation  on  an  ASPT-type  motion 
platform.  The  table  below  shows  measured  motion  platform  accelerations. 

Roll  - +8  Radians/Sec2 

Pitch  - +10.1,  - 9.1  Radians/Sec^ 

Yaw  - ±16  Radians/Sec2 
Longitudinal  - +1.05  g's,  -1.35  g's 
Lateral  - ±1  g 
Vertical  - +4.3  g's,  -3.1  g's 

The  linear  acceleration  is  derived  from  the  angular  figures  and  estimated  distance 
of  platform-mounted  projector  from  the  center  of  platform  rotation.  Based  on  these 
numbers,  it  is  estimated  that  the  projector  must  be  capable  of  withstanding  a linear 
acceleration  of  5 g's. 

Accessibility  - It  is  expected  that  all  maintenance  actions  will  be  performed 
with  the  projector  mounted.  Hence  components/subassemblies  requiring  moni- 
toring during  maintenance  actions,  or  removal  in  case  of  r^lacement  shall  be 
mounted  to  permit  easy  access.  Since  the  exact  means  of  gaining  access  to  the 
projectors  is  indeterminate  — ladders,  catwalks,  hoists  are  possibilities  — this 
requirement  is  general  in  nature. 

Weight/Configuration  ~ This  is  a critical  requirement.  Weight  on  plat- 
form (projector  plus  cables)  must  be  kept  below  that  of  the  currently  installed 
CRT,  electronics,  and  cables  (—500  lbs.);  furthermore,  it  should  be  minimized. 


Section  3 - Technology  Survey 


1.  SURVEY  OF  APPUCABLE  TECHNOLOGIES 


Consideration  of  the  RFP  requirements  of  color,  high  brightness  and  high  resolution 
rapidly  narrows  the  choice  of  technologies  to  a few  plausible  candidates.  Comparing 
candidate  systems  in  each  plausible  technology  to  the  design  requirements  clearly  shows 
that  the  liquid  crystal  light  valve  technology  is  the  best  possible  choice. 

A brief  survey  of  the  state  of  the  color  television  projection  art  revealed 
early  that  the  LCLV  projector  represents  by  far  the  best  choice  for  meeting  the 
design  requirements.  Consequently,  the  bulk  of  the  study  effort  was  devoted  to 
optimizing  this  approach.  Before  the  study  was  completed  the  field  again  was 
surveyed  to  uncover  any  techniques/hardware  which  may  have  emerged  during 
the  past  nine  months  which,  although  not  capable  of  meeting  the  design  require- 
ments in  their  current  state,  are  capable  of  being  improved  to  meet  these 
requirements. 

The  survey  was  divided  into  two  phases  with  most  of  the  emphasis  on  the 
latter  phase.  In  the  first  phase,  all  large  screen  projection  techniques  were 
evaluated  superficially  with  regard  to  feasibility  of  compliance,  availability  and 
risk.  The  second  phase  examined  in  greater  depth  candidate  techniques,  extra- 
polated their  current  performance  within  practical  limits  toward  the  design 
requirements,  asses^  potential  problem  areas,  and  considered  technology 
risk  areas . 

A great  variety  of  techniques  for  projecting  TV  images  have  been  devised 
during  the  past  few  years . The  most  important  of  these  may  be  classified  into 
one  of  three  categories:  CRT  projection  systems,  light  valves,  and  light  beam 
scanning  systems. 

CRT  Projection  Systems  - Cathode  ray  tube  (CRT)  projection  systems 
use  a CRT  designed  for  hig^  lig^t  output  (high  beam  current,  high  screen  volt- 
age) , and  project  the  phosphor  image  on  the  screen  with  the  aid  of  a reflective 
or  refractive  lens.  The  basic  challenge  is  getting  high  brightness  on  the  screen. 
Recent  developments  include  CRTs  with  sapphire  faceplates  (to  conduct  the  heat 
away)  c{q>able  of  generating  up  to  30,000  footlamberts  (fL)  at  high  resolution  and 
brightness  levels,  and  high  efficiency  (f/0.55  to  f/0.8)  reflective  and  refractive 
optics.  Several  CRT  projection  ^sterns  generate  a high  quality  image,  and 
were  considered  in  some  detail. ' 

Light  Valve  - A li^t  valve  approach  to  generating  a projected  image  is 
conceptually  attractive  because  it  is  inherently  capable  of  more  light.  Light  out- 
put is  limited  only  by  the  external  light  source  (which  can  be  made  very  bright) , 
and  the  ability  of  the  li^t  valve  device  to  take  the  heat  absorbed  from  the 
illuminating  li^t  beam.  Good  summaries  of  various  light  valve  techniques  may 
be  foimd  in  the  literature*  and  therefore  no  attempt  will  be  made  to  describe 
them.  Their  applicability  to  the  ASPT  requirements  is  assessed  as  follows: 

• Oil  Film  Li^ht  Valves.  Two  types  exist:  transmissive,  and  reflec- 
tive. The  former  are  potentially  applicable  and  were  evaluated  in 
detail.  The  latter  although  capable  of  very  hl^  light  outyut 
(7000  lumens)  are  complicated,  large,  .-expensive  monochrome 
devices  which  caimot  withstand  the  motion  platform  environment; 
furthermore,  three  projectors  are  required  to  generate  a color 
picture.  These  factors  eliminate  them  from  further  consideration. 


*H.  Hendrickson  and  J.D.  Stafford,  "Television  Projectors,"  Proceedings  of  the  SPIE  simu- 
lator Conference,  1975. 


26 


• Oeformographic  Light  Valve.  This  concept  has  not  successfully 
solved  the  problem  of  writing  at  television  rates,  nor  does  it  have 
the  required  light  output.  Cost  and  nonavailability  are  other  reasons 
for  judging  the  technique  unacceptable. 

• Titus  Tube.  This  is  a solid  state  color  light  valve  which  has  good 
potential  for  commercial  color  television,  although  it  is  still  in  the 
R&D  stage.  Since  the  resolution  required  by  ASPT  is  three  to  four 
times  greater  than  that  of  commercial  TV,  great  improvements  in 
resolution  are  necessary  before  this  could  be  considered  a viable 
technique  for  simulation. 

• Liquid  Crystal  Light  Valve  (LCLV).  This  device  is  a good  candidate, 
and  is  evaluated  below. 

Other  light  valves  are  either  low  performance  or  not  yet  practical  (usu- 
ally both)  and  need  not  be  considered. 

Light  Beam  Scanners  - The  light  beam  pointing  approach  scans  a focused 
light  beam  to  paint  a raster , and  modulates  the  beam  with  video  to  generate  an 
image.  Using  a laser  (or  three  lasers)  as  a light  source,  the  technique  is  poten- 
tially capable  of  high  resolution  and  high  brightness,  and  can  be  projected  on 
curved  surfaces  with  minimal  defocusing.  Recently,  electronic  scanners  have 
been  built  and  high  bandwidth  modulators  are  practical.  The  major  (and  decisive) 
shortcoming  is  the  poor  efficiency  of  both  the  lasers  and  the  deflectors/ 
modulators.  A recently  built  system  is  reported  to  require  75  kW  power  to 
generate  300  lumens  of  useful  light  - an  overall  efficiency  of  only  5/75000  = 
0.0006  percent.  Clearly,  further  improvements  are  in  order  before  laser  dis- 
plays can  be  considered  practical  for  this  application. 

Malysis  of  Candidate  Systems  - Based  on  the  above,  only  the  LCLV,  the 
transmissive  light  valve  and  projection  CRTs  appear  to  be  reasonable  candi- 
dates. During  the  study,  different  configurations  using  transmissive  light  valve 
and  CRT  projectors  were  examined  and  evaluated.  Where  possible  published 
information  on  projector  performance  was  used  in  the  evaluation.  Where  such 
data  was  not  available  (e.  g. , additive  color  wide-field-of-view  projection  on  a 
curved  24"  radius  screen  with  either  monochrome  light  valves  or  CRTs)  per- 
formance was  estimated.  The  results  of  the  evaluation  are  sununarized  in 
Table  9.  Based  on  its  ability  to  provide  both  the  required  light  output  and  reso- 
lution and  its  potentially  excellent  reliabillty/maintalnabllity  characteristics 
and  hardware  features,  the  LCLV  projector  emerges  as  the  clear  technology 
choice. 

Additional  information  on  the  survey  and  comparison  of  candidate  projec- 
tor types  is  provided  in  the  AFHRL-TR-77-33  (H)  (limited  distribution)  addendum. 


TABLE  9.  SUMMARY  EVALUATION  OF  PRIME  CANDIDATES 


1 

Requirement 

Candidate 

Transmissive 
Light  Valve 

CRT* 

Projection 

Liquid  Crystal* 
Light  Valve 

Light  Output 

XX 

XX 

_ 

Resolution 

XX 

Weight/Size 

/ 

XX 

Reliability/Maintainability 

X 

X 

- 

X - shortcoming  XX  - major  shortcoming  ^Additive  color 
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Section  4 - Component  Investigations 
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^ I 1.  SUMMARY  OF  COMPONENT  INVESTIGATIONS 

» 

i Overall  system  performance  is  clearly  dependent  on  the  performance  of  individual  com 

ponents.  Components  unique  to  the  RFP  requirements  (lens,  dichroics,  deflection,  screen) 
' were  investigated  on  study  funds  to  establish  the  range  of  feasible  and  cost-effective 

performance,  while  other  system  components  were  being  studied  concurrently  under 
Hughes  internal  R&D  funding. 

Initial  analysis  of  system  performance  indicated  that  to  meet  design  require- 
ments necessitated  improvement  of  virtually  all  components  in  both  the  optical 
and  electrical  system  of  the  H DP-800  single-channel  projector.  This  projector  was 
the  hardware  base  on  which  the  feasibility  of  an  ASPT-compatible  color  projector 
was  originally  established.  A Hughes'  on-going  internally  funded  R&D  (IR&D)  pro- 
I gram  investigated  all  of  the  components  except  those  unique  to  the  study  base- 

j line  system  (e.g.,  projection  optics,  the  dichroics,  deflection  system  and  the  curved 

screen).  These  latter  components  were  investigated  with  study  funds.  To  avoid 
I compromise  of  proprietary  information,  the  studies  conducted  with  IR6cD  funds 

will  be  described  only  to  the  extent  necessary  to  support  study  recommendations. 

^ A list  of  component  investigations  with  summary  conclusions  of  the  data 

j gathered  and  the  measurements  taken  for  each  is  presented  in  Table  10.  Sub- 

sequent topics  will  describe  (with  the  exception  of  the  MacNeille  prism  discussed 
here)  in  more  detail  the  approach  taken  in  each  area,  current  status  of  component 
development  and  future  development  plans/recommendations.  The  most  critical 
component  investigation  (the  projection  lens)  was  handled  as  a design  study  subcon- 
, tract  to  Kollmorgen  Corporation.  The  results  of  each  phase  of  their  two-phase 

study  are  summarized  in  Topics  4-8  through  4-11. 

The  polarizing  (MacNeille)  prism  is  an  important  element  in  the  system. 

Its  characteristics  affect  contrast,  light  output,  spectral  bandwidth  and  (if  improper- 
ly designed)  brightness  uniformity.  When  the  HDP-800  was  first  built,  a high-lead 
glass  prism  was  employed.  Experience  with  operating  the  system  pointed  to  the 
' need  for  a prism  made  of  low-stress  bi-refrii^ent  material  to  avoid  depolarization 
^ of  the  projected  light  when  thermal  stresses  develop  as  a result  of  high  incident 

light  levels.  A sample  prism  built  with  fused  silica  demonstrated  that  this  material 
eliminates  the  depolarization  problem.  The  angle  between  the  incident  light  and 
. the  polarizing  surface  in  a fused  silica  prism  is  58°  (instead  of  45°  for  glass),  causing 

j a rearrangement  of  the  optical  path  used  in  the  HDP-800.  One  potential  problem 

4 is  the  cost  of  a prism  of  the  size  required  to  accommodate  the  long-throw,  wide 

■ ■ f/8  lig^it  beam. 

j In  general,  the  feasibility  and  availability  of  all  the  components  necessary 

to  meet  the  design  requirements  and  implement  the  recommended  projector  (see 
Section  6)  have  been  verified  either  experimentally  or  by  analysis.  Further  work 
is  required  on  the  CRT,  the  LCLV,  and  the  projection  screen.  Continued  R&D  work 
in  the  first  two  areas  is  expected  to  yield  desired  performance,  while  the  projection 
screen  is  considered  both  a low  cost  and  low  risk  item. 
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TABLE  10.  SUMMARY  OF  COMPONENT  INVESTIGATIONS 


Component 

Cathode  Ray  Tube  (CRT)* 

Deflection  System 

Prism  (see  text)* 
Illumination  Optics* 

Liquid  Crystal  Light  Valve* 

Dichroics 


a 


Projection  Optics 


Screen 


a 

a 


a 

a 


*Conducted  under  IR&D  funding. 


Investigation  Summary 


Had  high  resolution  CRTs  (1.1  and  1.5  mils) 
developed 

Ran  tests  on  focus  coil  aberrations 
Initiated  program  for  further  resolution 
improvements 

Analyzed  requirements 

Developed  correction  memory  technique  for 

good  color  registration 

Developed  concepts  for  gain/offset  stabilization 
Developed  high  contrast  fused  silica  prism 

Tested  candidate  light  sources;  measured  aperture 
distribution 

Implemented  and  tested  illumination  system 
Considered  impact  of  improved  optics  (ellipti- 
cal reflector)  on  illumination  optics 

Constructed  TV  cells  of  good  quality 
Conducted  resolution,  efficiency,  time  response, 
sensitivity  and  contrast  tests  on  these  cells 

Let  study  subcontract  to  analyze  efficiency 

and  spectral  shift  in  dichroics 

Conducted  narrowband  (30  nm)  visual  evaluation 

using  off-the-shelf  filters 

Developed  computer  program  to  perform  color 

analysis* 

Analyzed  cells  with  program 

Let  two-phase  study  to  Kollmorgen 

Phase  I:  selected  lens  type 

Phase  II:  Conducted  performance  tradeoffs; 

optimized,  defined  and  priced  the  selected  lens 

Surveyed  vendors  field,  and  obtained  samples 
Tested  samples  for  gain  and  depolarization 
ratio 


I 
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2.  CATHODE  RAY  TUBE  (CRT)  INVESTIGATIONS 


Based  on  an  extensive  investigation  of  both  in-house  and  vendor  built  and  tested/ 
measured  CRTs,  the  feasibility  of  obtaining  a CRT  with  the  requisite  spot  size  to 
meet  gystem  resolution  needs  can  be  predicted  with  confidence. 

Early  in  the  study  preliminary  requirements  were  established  for  the  CRT, 
based  on  an  estimate  of  the  resolution  resizable  in  the  other  projector  components 
and  the  sensitivity  of  the  liquid  crystal  light  valve.  The  kqy  requirement  was  estab- 
lished to  be  a center  ^t  size  of  0.0013  inch  (or  1. 3 mils)  at  a bri^tness  of  200 
footlamberts  (fL)  at  a writing  rate  of  64,000  inches/second.  Subsequently,  system 
tradeoff  studies  based  on  measured  LCLV  performance  and  the  results  of  the  pro—' 
Jection  lens  design  study  indicated  that  a spot  size  of  0. 9 or  1. 1 mils  was  required 
to  meet  system  resolution  requirements  with  the  "standard"  and  "hi^  quality" 
projection  lens  designs,  respectively. 

The  CRT  investigation  proceeded  in  parallel  utilizing  both  internal  IR&D 
program  development  activities  to  Improve  resolution  of  the  small  (1. 0 inch) 
neck  CRT  used  in  the  HDP-800  projector  as  well  as  investigating  and  obtaining 
several  types  of  sample  tubes  from  CRT  manufacturers.  Testing  and  assess- 
ment of  performance  was  accomplished. 


It  is  concluded  that  while  further  CRT  development  work  Is  required, 
obtaining  either  a 0. 9 or  1. 1 mil  spot  size  at  200  fL  represents  a minimal 
technical  risk. 


In  parallel  with  the  CRT  investigations,  the  high  numerical  aperture 
fiber  optic  plates  used  both  for  the  CRT  faceplate  and  the  LCLV  substrate  were 
also  investigated.  &iitable  sources  for  the  multi-multlflber  bundle  type  plates 
were  found.  Several  faceplates  were  evaluated  and  characterized  with  respect 
to  the  image  distortion  they  Introduced.  While  gross  (low  spatial  frequency) 
distortions  can  be  compensated  for  by  the  digital  correction  memory,  localized 
image  distortion  (e.g. , shear)  may  not  be  compensatable.  It  is  eaq>ected  that 
high  qiuility,  high  coherence  fiber  optic  plates  will  be  required  for  both  the  CRT 
and  the  LCLV. 

Additional  information  on  CRT  investigations  is  provided  in  the  AFHRL- 
TR-77-33  (II)  (limited  distribution)  addendum. 
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An  analysis  of  three  different  CRT  deflection  systems  indicates  that  a sq;>arate,  chop- 
per stabilized,  low  power  (200  W)  deflection  amplifier  pair  for  each  channel  yields  the 
lowest  risk  approach. 

The  color  registration  requirements  (0.06  percent)  clearly  point  to  the  need 
for  a drift-free  (0.02  percent),  high  gain  stability  (0.01  percent)  deflection  system 
in  each  channel  to  maintain  color  registration  (for  detailed  analysis,  see  Topic  5-6). 
Since  the  deflection  system  must  be  linear  to  allow  insertion  of  correction  voltages, 
the  simultaneous  implementation  of  high  power  operation  and  extremely  high  sta- 
bility is  a technical  challenge.  It  was  decided  to  utilize  feedback  on  a maximum 
deflection  signal  to  maintain  gain  stability  to  0.01  percent.  This  is  a less  critical 
problem  than  that  of  offset  drift.  A tradeoff  study  was  therefore  conducted  among 
three  approaches  considered  candidates  to  meeting  the  offset  drift  requirement 
of  0.02  percent.  The  results  of  the  study  are  summarized  below. 

Series- Driven  Yokes  - In  this  configuration  a single  amplifier  drives  the 
three  yokes  in  series  (part  A of  Figure  6).  A single,  common,  sense  resistor 
(Rs)  is  used,  which  eliminates  differentia  drift  between  channels  due  to  change 
in  the  value  of  Rs  as  a function  of  temperature  or  age.  It  is  necessary  to  trim  the 
yokes  to  ensure  application  of  correct  voltage  across  each  one,  and  to  compensate 
for  differences  in  yoke  sensitivities. 

The  major  disadvantages  of  this  approach  are  as  follows.  1)  The  series  com- 
bination of  three  50  ph  yokes  requires  a slew  voltage  of  218  V,  which  complicates 
the  design  of  the  amplifier.  (High  bandwidth,  high  voltage  oulput-stage  transistors 
tend  to  be  costly  and  unreliable.)  2)  Two  convergence  amplifiers/yokes  must  be  added 
to  each  channel  to  insert  the  distortion  compensating  correction  signals. 

Parallel  Driven  Yokes  - In  the  parallel  driven  ^oke  configuration  (part  B 
of  the  figure),  the  deflection  amplifier  for  the  three  channels  supplies  a slew  voltage 
of  56  volts.  (This  voltage  is  more  reasonable  than  that  required  for  series  driven 
yokes.)  The  series  resistor,  in  conjunction  with  the  convergence  amplifier,  controls 
the  balance  of  the  X and  Y deflection  for  each  channel,  which  eliminates  the  need 
for  three  convergence  yokes.  Although  the  advantage  of  minimizing  differential 
drift  between  channels  is  lost  in  this  configuration,  a flyback  or  equivalent  switching 
technique  can  be  used  to  generate  sweeps,  which  simplifies  the  hi^  voltage  circuit. 

This  deflection  method  has  two  major  disadvantages:  1)  The  use  of  separate 
sense  resistors  provides  a differential  drift  factor  between  channels,  which  is  not 
experienced  in  the  series  method  (although  three  identical  channels  should  minimize 
the  differential  error  to  a usable  level.)  2)  The  convergence  amplifiers  require  dif- 
ferential input  with  excellent  common-mode  rejection  because  the  output  forms 
the  reference  for  the  yoke  sense  resistor.  The  output  error  generated  by  the  sense 
resistor  and  convergence  amplifier  must  be  less  than  0.02  percent  to  limit  the 
channel-to-channel  misregistration  to  one-half  line  width. 

operate  Deflection  Amplifiers  - To  eliminate  both  the  convergence  ampli- 
fiers and  the  convergence  yokes,  the  deflection  yokes  can  each  be  driven  and  cor- 
rected separately  (part  C of  the  figure).  This  method  of  deflection  generation  has 
attributes  of  both  the  series  and  parallel  methods  inasmuch  as  the  yokes  are  driven 
separately  but  from  the  same  sweep  generator.  The  high-current,  flyback  sweep 
generation  technique  is  replaced  by  a low  voltage,  low  power  sweep  generator,  but 
the  slew  voltage  required  is  still  high  (56  volts).  The  separate  amplifier  method 
has  essentially  similar  disadvantages  to  the  parallel  method  without  the  flyback 
system.  However,  analysis  indicates  that  chopper  stabilization  of  each  amplifier 
will  reduce  offset  drift  to  0.02  percent  or  less. 
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Conclusion  - An  evaluation  of  the  data  in  Table  11  shows  the  series 
approach  to  be  a high  risk  option,  which  makes  it  the  least  attractive  and 
eliminates  it  from  consideration.  Although  the  parallel  method  is  lower  in  cost 
and  uses  less  power  tfian  the  separate  deflection  method,  it  presents  a higher  tech- 
nical risk  with  the  high  current  usage  in  the  flyback  circuitry.  The  separate  deflec- 
tion method  using  an  existing  circuit  which  is  chopper  stabilized  to  eliminate  drift 
represents  the  least  technical  risk,  and  has  the  highest  reliability.  Although  it  con- 
sumes more  power  than  the  first  two  techniques,  and  uses  more  expensive  ampli- 
fiers, It  is  roughly  equivalent  in  cost  because  convergence  coils  and  amplifiers  are 
not  Tequired.  It  is  therefore  chqsen  as  the  baseline  approach. 

Table  11.  COMPARISON  OF  CANDIDATE  DEFLECTION  APPROACHES 


Separate 

0.02% 

0.50% 

1/25 

56V 

3A 

Low 

1.4 

1.3 

1.0 


Parameter 

1 -:r: 

Series 

Parallel 

t Drift  Requirement 

0.02% 

0.02% 

1 Expected  Drift 

0.50% 

0.50% 

I Drift  Reduction  Required 

1/2* 

1/25 

i Slew  Voltage 

218V 

56V 

! Slew  Current 

3A 

9A 

Technical  Risk 

High 

Medium 

i Power  (Horizontal  Defl) 

1.1 

1.0 

Material  Cost 

1.4 

l.O 

j Reliability  (Comparative  MTBF) 

0.6 

0.85 

•Since  all  three  channels  drift  together,  less  drift  reduction  is  required. 


A.  SERIES 

DRIVEN  YOKES 


C.  SEPARATE  DEFLECTION 
AMPLIFIERS  FOR  EACH 
CHANNEL 


PARALLEL 
DRIVEN  YOKES 


KEY: 

A 

MAIN  AMPLIFIER 

CA 

CONVERGENCE  (OEFLECTlON 
CORRECTION)  AMPLIFIER 

Rs 

SENSE  RESISTOR 

'"r.g.b 

YOKE  (RED,  GREEN.  BLUE 
CHANNEL) 

Figure  6.  Approaches  to  Implementing  the  Deflection  System.  The  series  and  parallel  driven 
yoke  approaches  were  eliminated  from  further  consideration  partly  because  of  their  high  tech- 
nical risk,  and  partly  because  of  the  need  for  extra  hardware. 
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4.  SELECTION  OF  A LIGHT  SOURCE  AND  OPTICS  FOR  THE  ILLUMINATION  SYSTEM 


Results  of  testing  several  types  of  light  sources  indicate  that  a suitable  form  of 
xenon  arc  light  source  is  available.  This  is  combined  with  suitable  illumination  optics 
which  for  the  selected  baseline  is  conservatively  based  on  incorporating  a relay  system. 

The  objectives  of  the  lamp/illumination  system  investigation  were  the 
tentative  selection  of  the  best  lamp  for  the  system,  characterization  of  this  lamp, 
and  the  design  definition  of  illumination  optics  of  high  efficiency  and  uniform  light 
output.  Specific  requirements  for  the  illumination  system/lamp  combination 
ou^ut  include  a light  output  of  30-40,000  lumens,  a beam  bundle  diameter  of 
2.  2 inches,  and  an  angle  of  divergence  of  less  than  ±2  degrees.  (Note:  A 2.  2- 
inch-diameter  beam  bundle  at  the  exit  of  the  illumination  optics  is  needed  to 
provide  uniform  brightness  coverage  of  the  1. 8-inch  LCLV  image  area. ) All  of 
these  investigations  and  tests  were  conducted  with  Hughes  IR&D  funds;  their 
results  are  utilized  to  support  the  rationale  for  the  selected  design.  The  base- 
line system  requirement  for  30  to  40,000  lumens,  dictated  the  selection  of  a 
1600  W lamp. 

The  1600  W lamp  was  tested  extensively.  Test  results  indicate  that  initial 
light  output  is  39,000  lumens  and  that  after  100  hours  of  operation  ou4)ut  drops  to 
35,400.  Beyond  that,  light  drops  at  the  rate  of  500  lumens  per  100  hours  of  life. 

The  function  of  the  Illumination  optics  is  to  collect  the  maximum  available 
light  out  of  the  lamp,  collimate  this  light  into  a circular  2. 2-liich  diameter  bundle 
uniform  to  ±10%,  and  remove  98%  of  the  infrared  and  ultraviolet  radiation. 

The  approach  selected  is  basically  an  adaptation  of  illumination  systems 
used  in  solar  simulators  where  the  requirements  are  similarly  good  colllmation 
and  even  distribution  of  the  light  energy  across  the  field.  In  general  the  selected 
baseline  incorporating  a relay  system  provides  a conservative  approach  to 
meeting  illumination  optics  requirements. 

Additional  information  on  li^t  source  and  illumination  optics  selection 
is  provided  in  the  AFHRL-TR-77-33  (11)  (limited  distribution)  addendum. 


5.  RESULTS  OF  LIQUID  CRYSTAL  LIGHT  VALVE  (LCLV)  TESTING 


Test  results  on  several  tuned>thickness  LCLV's  showed  good  conformance  to 
previously  hypothesized  LCLV  performance  characteristics. 

The  photo-activated  hybrid  field  effect  (HFE)  liquid  crystal  light  valve 
(LCLV)  is  the  key  element  in  the  projector  insofar  as  its  characteiristics(effi- 
ciency,  response  time,  sensitivity,  etc.)  define  the  requirements  for  the 
remainder  of  the  hardware.  For  fast  response  (TV  cells),  the  LCLV  uses  a 
very  thin  layer  of  liquid  crystal.  For  optimum  contrast,  the  thickpess  of  the 
liquid  crystal  must  te  "tuned"  to  the  particular  spectral  region  (color)  where  it 
will  be  used. 

Resolution  — Limiting  resolution  measurements  were  made  using  the 
standard  Air  Force  test  chart  — illuminated  by  the  fiber  optic  CRT.  Resolution 
results  matched  expectations.  40  Ip/mm  is  the  figure  usea  for  all  system 
calculations. 

Efficiency  — This  number  was  measured  at  a brightness  level  (0. 8 Bm) 
which  yielded  good  resolution.  Based  on  these  measurements,  38  percent  was 
used  in  subsequent  system  calculations/tradeoffs.  The  intensive  on-going  IR&D 
activity  addressing  this  area  is  expected  to  result  in  improved  light-efficiency 
and  higher  contrast  devices  in  the  near  future. 

Contrast  Ratio  - Measurements  were  initially  taken  using  broadband 
(white)  light  producing  contrast  ratios  which  are  lower  than  when  measured 
under  narrow  spectral  band  conditions.  The  tests  were  repeated  with  a 40  nm 
wide  filter  and  results  substantiated  the  assertion  that  narrow-banding  Improves 
contrast.  It  is  expected  that  the  current  liquid  crystal  IR&D  effort  will  result  in 
"tuned"  light  valves  of  iqipreciably  improved  contrast  (see  "Efficiency"  above). 
Contrast  ratios  of  40:1  should  be  feasible. 

Sensitivity  — The  CRT  light  output  required  to  drive  the  cell  to  0. 8 Bm 
was  found  to  be  substantially  what  was  expected  (200  fL  brightness  was  estab- 
lished as  an  early  design  goal  for  the  fiber  optic  CRT  driving  the  LCLV)  and 
therefore  matches  the  output  capability  of  the  CRTs  developed  during  the  study. 

Response  Time  - Tests  conducted  on  the  light  valves  showed  that  the 
writeup  time  and  decay  time  are  nearly  adequate  for  commercial  live  television, 
but  that  somewhat  better  response  is  required  to  fully  comply  with  the  require- 
ment for  high  speed  motion. 

Additional  information  on  LCLV  testing  is  provided  in  the  AFHRL-TR-77- 
33  (n)  (limited  distribution)  addendum. 
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6.  DICHROIC  AND  TRIM  FILTER  ANALYSIS 


Selection  of  dichroics  impacts  not  only  color  and  associated  parameters,  but  also  con- 
trast and  overall  projector  light  output.  A computer  program  was  used  to  analyze  LCLV 
performance  and  to  determine  the  optimum  filters  required  to  yield  a good  compromise 
between  light  output  and  color  performance. 

The  objectives  of  this  part  of  the  study  were  to  develop  techniques  for  ana- 
lyzing the  spectral  response  of  a three-color  additive  system  which  utilizes  LCLVs, 
to  perform  the  analysis,  and  to  attempt  to  verify  the  results  experimentally.  The 
liquid  crystal  light  valve  is  not  a simple  intensity  modulating  device;  the  color  and 
intensity  of  the  projected  image  change  as  the  modulating  input  light  is  increased. 
The  extent  of  the  change  is  a function  of  the  type  of  cell  (thin  TV  cells  exhibit  the 
least  color  shift).  Consequently  the  selection  of  the  dichroics  and  trim  filters  has 
a critical  impact  not  only  on  the  range  of  colors  that  can  be  produced,  but  also  on 
total  light  output,  color  purity,  contrast  and  color  shift  with  intensity  modulation. 

A systematic  approach  to  analyzing  the  effect  of  spectral  bandwidth  for 
each  color  on  the  output  characteristics  requires  a computer  program.  Only  with 
the  aid  of  the  program  can  a variety  of  dichroic  configurations  be  examined  to  see 
which  one  yields  the  best  tradeoff  between  light  output  and  color  performance. 

Such  a computer  program  was  developed  on  IR&D  to  take  spectral  response  data 
from  light  valve  tests  and  simulate  the  effect  of  shifting  the  dichroic  plate's  trans- 
mittance spectra  to  shorter  or  longer  wavelengths  and  the  effect  of  using  wide  band- 
pass trim  filters  versus  narrow  bandpass  trim  filters.  This  program  is  explained 
below  to  provide  insight  to  the  basic  optimization  problem.  The  following  topic 
discusses  application  of  this  program  to  a non-TV  (CX)  cell,  and  several  TV  cells. 

The  step-by-step  analysis  process  performed  by  the  computer  program  is 
shown  in  Figure  7.  The  circled  numbers  reference  light  rayjs  shown  in  Figure  8 so 
that  the  actual  path  of  the  light  can  be  traced  through  the  system.  Note  that  the 
spectral  sketches  are  only  representative.  The  red  channel  is  considered  in  detail. 

(1)  Is  is  the  "S"  polarized  illumination  light.  (2)  Rs  + Gs  is  the  red  and  green  light 
transmitted  by  the  blue  dichroic  reflector  to  the  red  and  green  LCLVs.  The  blue 
portion  of  the  illumination  light  (not  shown)  is  reflected  to  the  blue  LCLV.  (3)  Rs 
is  the  red  light  reflected  by  the  red  dichroic  reflector.  The  green  portion  of  the 
illumination  light  (not  shown)  is  transmitted  by  the  red  reflector  to  the  green  LCLV. 
(4)  The  light  reflected  by  the  red  dichroic  reflector  is  then  reflected  by  a second 
surface  mirror  and  is  directed  toward  the  red  LCLV.  The  second  surface  mirror 
is  needed  to  balance  the  total  amount  of  glass  in  each  channel.  Spectrally  it  has 
no  effect  except  to  slightly  decrease  the  total  amount  of  red  light  delivered  to  the 
red  LCLV.  (5)  This  figure  shows  that  the  trim  filter  determines  the  central  wave- 
length of  the  red  primary.  It  also  controls  the  wavelengths  of  light  that  will  make 
up  the  red  primary  and  thereby  controls  the  purity  of  the  primary  color.  (6)  Next 
the  light  enters  the  red  LCLV  where  its  axis  of  polarization  is  rotated  90°  in  those 
areas  where  the  image  occurs.  This  light  is  labeled  Rp  to  indicate  that  it  is  red 
light  which  is  now  rotated  to  the  "P"  state.  Also  note  that  the  optical  efficiency 
of  the  LCLV  has  reduced  the  input  light  by  ~60  percent.  Where  no  image  occurs, 
the  axis  of  polarization  of  the  light  is  not  changed,  i.e.,  remains  Rs»  The  Rp  and 
Rs  light  from  the  cell  follows  the  same  path  as  the  incoming  Rs  light  back  to  the 
MacNeille  biprism  where  the  light  is  analyzed  and  "S"  state  light  is  sent  back  to 
the  illumination  system.  (7)  Rp  proceeds  through  the  trim  filter  where  it  is  slightly 
attenuated  again.  (8)  Rp  is  reflected  off  the  second  surface  mirror  where  it  is  again 
slightly  attenuated.  (9)  Rp  is  reflected  off  the  red  dichroic  reflector  and  is  recom- 
bined with  Gp  which  is  transmitted  by  the  red  dichroic  reflector  from  the  green 
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LCLV.  Gp  is  the  light  whose  axis  of  pola^i^ation  has  been  rotated  by  the  green 
LCLV  where  the  image  occurred  such  that  it  is  now  "P"  state.  (10)  Rp  + Gp  is  trans  - 
mitted by  the  blue  dichroic  reflector  and  combined  with  Bp  from  the  blue  LCLV. 

At  this  point  the  recombined  light  from  the  three  channels  enters  the  MacNeille 
biprism  where  only  the  "P"  state  polarized  light  is  transmitted  to  the  projection 
lens  to  be  projected  onto  the  projection  screen.  The  amount  of  each  of  the  primary 
colors  (Rp,  Gp  and  Bp)  that  is  transmitted  determines  the  color  of  the  image  on 
the  projection  screen  which  was  originally  generated  back  at  the  LCLVs. 
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Figure  7.  Step-by-Step  Spectral  Analysis  of  Light  as  it  Passes  Through  the  System.  Circled 
numbers  reference  light  ray  in  Figure  7. 


Figure  8.  Path  of  Light  Through  Biprism  to  LCLVs  and  from  LCLVs  to  Projection  Lens 
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ANALYSIS  OF  PROJECTOR  COLOR 


Spectral  curves  derived  from  testing  the  three  LCLVs  were  combined  with  filters  of 
various  bandwidths  using  computer  modeling  to  arrive  at  the  best  compromise 
between  color  range,  color  purity  and  light  output. 

Spectral  response  measurements  were  taken  on  three  television  LCLVs; 
one  each  of  the  red,  green  and  blue  types.  (Note:  The  three  cells  differ  slightly 
in  the  thickness  of  the  liquid  crystal  layer  in  order  to  maximize  contrast  ratio  in 
their  respective  spectral  bands).  These  tests  were  conducted  to  determine  1) 
the  color  of  each  channel  (this  allows  the  determination  of  the  range  of  colors 
obtainable  with  a 3-channel  projector),  and  2)  the  variation  in  color  as  a function 
of  brightness  variation  (this  permits  determining  the  color  shift  expected  as  image 
bri^tncss  is  varied).  Measurements  were  taken  at  different  ac  bias  voltages 
across  the  LCLV;  this  procedure  is  equivalent  to  varying  the  input  brightness  into 
(and  therefore  the  ligjit  reflected  by)  the  LCLV.  Using  a computer  program, 
these  spectral  curves  were  then  "filtered"  with  filters  centered  around  465,  550 
and  612  nm,  having  50%  bandwidths  of  30,  40,  60  and  70  nm  to  calculate  the  CIE 
chromaticity  diagram  X and  Y coordinates  of  the  filtered  output  light.  These 
coordinates  were  averaged  for  the  different  brightness  levels,  and  the  standard 
deviations  in  the  CIE  X and  Y coordinates  from  these  averages  were  calculated. 

The  range  of  colors  obtainable  with  30/40,  60  and  70  nm  filters  are  shown 
with  solid,  dashed  and  dash-dotted  triangles  in  Figure  48  (p  125),  which  connect 
these  averaged  (over  the  brightness  range)  coordinates.  The  30  and  40  nm  filter 
responses  are  very  close,  and  are  therefore  treated  as  one.  The  color  range  of 
an  "average"  P22  phosphor  (four  different  types  exist)  - are  shown.  The  total 
area  of  the  30  and  40  nm  color  triangle  is  slightly  larger  than  that  of  the  average 
P22:  however,  the  area  is  biased  toward  yellow,  and  some  of  the  blue  and  red 
combination  colors  (reddish-purple  through  purplish-blue)  cannot  be  generated  at 
hl^  saturation  levels.  On  the  other  hand,  the  30/40  nm  filter  provides  a more 
vivid  yellow  and  a better  cyan. 

The  mismatch  between  the  P22  phosphor  and  projector  color  spectrums 
is  increased  when  the  filter  bandwidth  is  increased  to  60  nm  or  to  70  nm.  The 
line  connecting  red  and  blue  rises  and  the  attainable  saturation  for  blue,  purple 
and  violet  colors  is  reduced  further. 

Thus  there  is  a tradeoff  between  color  range,  and  light  output  and  color 
constancy  (as  a function  of  brightness).  As  shown  in  Section  5,  projector  light 
output  increases  proportionately  to  filter  efficiency:  however,  color  range  and 
color  constancy  are  both  compromised  somewhat  as  a result. 

The  standard  deviations  from  the  average  values  of  chromaticity  X and  Y 
coordinates  at  different  brightness  levels  are  as  follows  for  the  30,  40,  60  and  70 
nm  bandwidth  filters  respectively  (all  values  ±): 

Blue  LCLV- .004/. 015,  .006/. 020,  .010/. 045,  .011/. 056 

Green  LCLV  - .004/. 003,  .004/.004,  .005/.005,  .005/.005 

Red  LCLV- .001/. 001,  .002/.002,  .004/.004,  .005/.005 
It  1?  apparent  that  these  deviations  (which  represent  a shift  in  color)  are  quite 
small  except  for  the  60  and  70  nm  filters  with  the  blue  LCLV.  Since  a wider 
than  40  nm  filter  should  be  used  with  the  blue  LCLV  to  maximize  brightness, 
some  color  shift  will  occur,  the  magnitude  of  this  shift  being  a function  of  the 
distance  of  the  color  in  question  from  the  blue  vertex  of  the  color  triangle  on  the 
chromaticity  diagram.  While  probably  dlscemable  this  shift  should  not 
adversely  affect  the  pilot's  judgment  of  display  image  quality. 
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Section  4 — Component  Investigations  1 


8.  SELECTION  OF  LENS  TYPE 


Kollmorgen  was  selected  to  perform  a two-phase  design  study  to  define  a high- 
performance,  minimum  cost  lens  because  of  their  demonstrated  competence  with  tele- 
centric  optical  systems.  The  first  phase  of  the  study  selected  the  best  lens  type  to 
meet  resolution  and  distortion  requirements. 

The  projection  lens  was  identified  early  as  a critical  element  in  the  study. 

Not  only  are  the  basic  performance  parameters  of  the  projector  (light  output,  reso- 
lution, brightness  uniformity,  distortion)  directly  affected  by  the  projection  optics, 
but  there  was  some  doubt  as  to  the  basic  feasibility  of  designing  a telecentric,  wide 
angle  lens  capable  of  projecting  an  appropriately  distorted  image  onto  a hig^ily 
curved  screen  at  a sufficiently  high  resolution  to  meet  system  requirements.  Given 
these  concerns  and  the  long  lead  times  required  by  optical  designers,  the  analysis 
of  the  projection  lens  was  handled  as  a critical  path  throughout  the  study.  Special 
attention  was  devoted  to  maintaining  good  communication  between  the  subcontractor 
and  Hughes  to  speed  up  decision-making. 

Study  Approach  - The  basic  study  objective  was  to  define  a lens  capable 
of  meeting  system  performance  requirements  without  having  an  excessively  high 
production  cost. 

The  approach  taken  to  meet  these  objectives  entailed  1)  writing  a detailed 
set  of  requirements  for  the  projection  optics,  2)  selecting  a competent  vendor 
for  the  analysis/tradeoff  studies,  and  3)  conducting  the  study  in  two  phases. 

After  the  q>ec  was  written,  it  was  given  to  several  companies.  Kollmorgen  was 
selected  on  the  basis' of  previous  experience  with  telecentric  projection  lenses, 
and  their  availability  of  resources  to  commit  to  the  study. 

Phase  I — The  study  was  cdnducted  in  two  phases.  In  Phase  I,  Kollmorgen 
investigated  a variety  of  lens  forms  and  configurations  to  arrive  at  one  which 
provided  the  best  compromise  among  the  performance  requirements  of  high 
resolution,  low  distortion,  minimum  light  falloff  and  cost.  Close  coordination 
between  Kollmoigen  and  Hughes  was  maintained  in  this  phase  to  ensure  compat- 
ibility with  the  projector  as  it  evolved  during  the  study. 

Phase  n — In  Phase  II,  the  selected  lens  type  was  subjected  to  detailed 
analysis,  and  was  optimized  with  respect  to  performance  and  cost.  Sensitivity 
analyses  were  performed  to  determine  the  effects  of  changes  in  magnification 
and  prism  size  on  performance  and  cost.  Finally,  cost  data  for  quantities  of 
1,  7 and  30  were  generated  for  the  optimized  lens. 

A study  report  was  generated  after  each  phase  which  described,  in  a 
chronological  fashion,  the  design  process  and  the  lens  selected.  A brief  sum- 
mary of  the  Kollmorgen  activity  is  given  here  and  in  the  next  two  topics. 

Summary  of  Phase  1 - The  first  step  in  Ptiase  1 was  to  scrutinize  the  lens 
specifications  in  order  to  gauge  the  relative  importance  of  the  various  requirements, 
and  specifically  to  analyze  the  mapping  transfer  function  of  the  lens.  Because  of 
the  "computational  display  plane"  approach  used  in  the  computer  image  generator 
(CIG),  the  lens  must  linearly  map  the  LCLV  image  onto  a plane  which  is  tangent 
to  the  center  of  the  hemispherical  screen,  and  is  perpendicular  to  the  optical  axis 
- yet  the  image  must  be  focused  on  the  curved  screen,  resulting  On  effect)  in  a 
highly  distorted  image.  The  feasibility  of  changing  the  mapping  function  of  the 
CIG  was  briefly  considered  and  discarded  because  of  its  m^jor  impact  on  the  CIG 
implementation. 
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The  first  problem  addressed  in  Kollmorgen's  study  was  the  requirement  for 
a long  bttek  focal  length  (BFL)  (250  mm  due  to  the  prism  and  the  diehroic  assembly) 
and  the  much  shorter  effective  focal  length  (EFL)  which  is  defined  by  the  magnifi- 
cation (-  ;!0:1)  and  the  lens  to  screen  distance  (-  610  mm).  Thus  EFL  is  approximately 
30  mm  (6\0/20  mm)  and  the  ratio  of  back  to  effective  focal  length  (BFL/EFL)  is 
about  251/  mm/30  mm  = 8.3.  A search  of  literature  and  patents  failed  to  turn  up 
high  peKormance  lens  designs  with  BFL/EFL  ratio  |^eater  than  2;  a cursory  analysis 
also  confirmed  the  inherent  impracticality  of  m'eeting'th’e  conflicting  requirements 
of  a BFL/EFL  ^ 8 on  one  hand,  and  the  performance  requirements  on  the  other  with 
a single,  multi-element  lens.  At  this  point  it  was  decided  to  use  a set  of  relay  lenses 
as  the  basic  approach  to  circumvent  this  problem.  To  minimize  image  degradation 
caused  by  the  latter,  a pair  of  telecentric.  symmetrical.  80-mm-diameter  triplet 
lenses  were  used  to  implement  the  relay  system.  While  the  overall  track  ler^th 
of  the  relay  system  is  large  (1200  mm),  the  optics  may  be  folded  without  appreciable 
light  loss,  and  within  a reasonable  volume  (see  Figure  9). 


F^ure  9.  Folded  Lens  Layout..  A pair  of  long  focal  length  80  mm  triplets  are  used  to  relay 
the  LCLV  image  to  the  projection  lens  with  virtually  no  loss  of  resolution. 
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Section  4 - Component  Investigations 


9.  LENS  FORM  INVESTIGATION 


Three  lens  configurations  were  investigated  with  the  "Type  3"  configuration  emerging 
as  the  clear  choice.  This  choice  is  based  on  its  superior  resolution  and  low  residual 
distortion  which  override  the  shortcomings  of  its  greater  complexity  and  higher  cost. 

Alternative  Forms  - The  initial  cut  at  a feasible  design  is  a compromise 
between  a symmetrical  lens  design  on  one  hand  (best  for  wide  angle,  low  distortion) 
and  asymmetrical  desi^  optimized  for  telecentric  light  (i.e.,  nearly  collimated 
light  rays).  This  is  achieved  by  adding  positive  collectors  near  the  input  surface 
to  accommodate  the  near-  collimated  (f/8.0)  input  beam  bundle,  and  simultaneously 
manipulating  the  lens  form  to  reduce  residual  distortion  to  an  acceptable  level. 
Subsequently,  a simpler  (yet  almost  equally  well-performing)  version  of  this  lens, 
labeled  "New  Wide  Angle",  was  analyzed,  and  established  as  a candidate.  Despite 
significant  differences  in  size  and  number  elements,  (See  A and  B of  Figure  10 
- note  difference  in  scale'.)  the  two  lenses  exhibited  roughly  equivalent  distortion 
characteristics  (<3.5%)  after  a numberof  iterations  which  reduced  the  distortion  of 
the  "New  WA"  from  20%  to  3%.  To  reduce  distortion  even  further,  thereby  elimi- 
nating it  as  a source  of  concern,  a "Type  3"  lens  (C  of  Figure  10)  was  investigated. 

This  lens  is  unusual  in  that  its  first  element  is  positive  and  tends  to  increase  rather 
than  decrease  the  angle  of  the  incoming  off-axis  bundles.  This  positive  lens  is  fol- 
lowed by  a series  of  negative  lenses  which  function  in  the  more  usual  fashion.  It 
was  found  that  this  lens  form  had  only  about  half  the  residual  distortion  of  the 
others.  Furthermore,  its  highly  sophisticated  form  held  the  promise  of  greater  dis- 
tortion control  while  simultaneously  maintaining  adequate  overall  image  quality. 

After  a preliminary  design  was  done  on  the  relay  system,  the  performance 
of  the  projection  optics  with  the  last  two  of  these  three  lenses  was  determined. 

To  facilitate  comparison,  an  attempt  was  made  to  modify  the  "New  WA"  design  to 
yield  resolution  (50%  @ 30  line  pairs/mm)  equivalent  to  the  Type  3 lens.  Unfortu- 
nately, the  resultant  distortion  exceeded  the  1.25%  which  was  judged  acceptable 
for  the  overall  system.  After  the  lens  design  was  changed  to  meet  this  distortion 
(resolution  dropped  to  35%  @ 30  Ip/mm  as  a result),  the  systems  were  then  com- 
pared on  both  performance  and  cost  (see  Table  12). 

Evaluation  - . .le  'lype  3 optics  yield  clearly  superior  performance  on  both 
residual  distortion  and  resolution;  however,  complexity  and  glass  cost  (and  presumably 
fabrication  cost  as  well)  is  significantly  higher.  Since  the  performance,  especially 
resolution,  appeared  to  be  necessary  to  meet  overall  projector  requirements. 

Type  3 emerged  as  the  clear  choice. 

Quick-Look  Analysis  - The  final  task  in  Phase  I was  a quick  look  at  the 
overall  performance  of  the  Type  3 lens  to  ensure  that  it  met  all  requirements,  and 
a detailed  analysis  of  ll^t  falloff  and  the  effect  of  the  tipped  dichroic  plates  in 
the  rear  space.  System  designs  and  layouts  were  made  for  both  the  lens  and  the 
relay  optics  (see  Figure  9 in  preceding  topic),  and  aberration  plots,  spot  dia- 
grams and  diffraction  MTF  curves  were  generated.  Analysis  of  the  light  falloff 
showed  that  there  was  actually  a 30%  rise  in  brightness  moving  from  center  to 
edge.  Since  uniform  light  output  is  desirable,  it  was  decided  to  increase  vignet- 
ting (for  the  final  design)  in  order  to  achieve  even  illumination  on  a spherical 
screen.  This  vignetting  yields  a net  increase  in  resolution,  thus  trading  bright- 
ness uniformity  for  resolution. 

The  effect  of  the  tipped  dichroic  in  the  object  space  produced  gross  astig- 
matism along  the  horizontal  axis.  Two  approaches  to  solving  this  problem  were 
explored;  replacing  the  dichroics  with  prisms  to  equalize  the  optical  path  length 
along  both  axes,  and  introducing  a set  of  tipped,  compensating  plates  around  the 


orthogonal  axis  inside  the  relay  system.  The  first  approach  represents  a formidable 
effort  in  prism  design/building  and  is  considered  high  risk.  The  second  completely 
corrects  for  all  astigmatism,  and  is  the  approach  incorporated  in  the  selected  optics. 

TABLE  12.  COST/PERFORMANCE  TRADEOFFS  BETWEEN  BEST 
CANDIDATE  LENS  FORMS 


$4900. 


9 


929F 


0. 5 mm 


No 


0.35 


Cost 

Type  3 Objective 

$8500.00 

Number  of  Elements 

13 

Transmission 

90% 

Residual  Distortion 

0.22  mm 

Distortion  = Zero  at  17. 5 mm 


Image  Quality  (Avg.  contrast  at  30  Ip/mm) 


Veiling  Glare 


Assembly  and  Alignment  Tolerances 
(0  = Loose,  10  = Tight) 


(No  measurable  difference) 


A.  90  DEG  OBJECTIVE 


SCALE  O.SO 


B.  NEW  WA  OBJECTIVE 


FULL  SCALE 


C.  TYPE  3 OBJECTIVE 


FULL  SCALE 


Figure  10.  Three  Projection  Lent  Forms  Considered 
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Section  4 - Investigations 


10.  OPTIMIZATION  OF  SELECTED  PROJECTION  OPTICS 


Optimization  of  the  selected  Type  3 projection  lens  reduced  manufacturing  cost  by 
approximately  40%  without  an  appreciable  degradation  in  performance.  The  result 
is  a reasonably  priced  lens  of  remarkable  performance. 

Phase  II  of  the  Kollmorgen  study  had  the  objective  of  optimizing  the  lens 
design  for  manufacturability,  conducting  cost/performance  and  performance/ 
perlorinaxice  trade-offs,  d^ermining  sensitivity  of  performance  to  varying  either 
image  size  or  the  size  of  the  prism,  and  developing  nonrecurring  and  recurring  cost 
data  for  quantity  1,  7 or  30  units. 

This  effort  fine-tuned  the  design  of  both  relay  and  projection  optics  to  account 
for  all  physical  and  performance  constraints  and  to  maximize  performance.  The 
manufacturability  of  the  projection  lens  was  then  improved  by  reducing  the  num- 
ber of  types  of  glass  used  as  well  as  the  number  of  nonpreferred  glass  types, 
and  by  reducing  the  radius  of  curvature  of  some  of  the  optical  elements. 

As  a first  step,  the  relay  lens  optics  were  scaled  to  yield  an  EFL  of  400  mm 
(vs  300  mm  earlier),  and  calculations  were  performed  using  the  exact  thicknesses 
for  the  rear-space  dichroics,  prism,  and  compensating  tipped  plates.  The  resulting 
relay  system  has  excellent  resolution  limited  primarily  by  the  residual  secondary 
axia!  ciiromatic  aberration  which  cannot  be  corrected  short  of  a major  increase 
in  the  cost  of  the  relay  system.  This  then  limits  resolution  of  the  overall  projector. 

As  the  second  step,  the  impact  of  increasing  vignetting  to  reduce  the  light  increase 
at  the  edge  of  the  screen  was  examined.  Since  a significant  resolution  improvement 
was  realized,  it  was  decided  to  incorporate  vignetting  into  the  baseline  system. 

Examining  the  "feasibility  configuration"  of  the  projection  lens,  several 
areas  were  found  where  modifications  could  make  the  lens  more  producible.  First, 
the  choice  of  glass  types  was  carefully  reviewed.  Material  cost,  availability,  and 
workability  were  considered  in  detail.  The  results  of  this  review  are  summarized 
in  Table  13.  Optical  performance  was  carefully  monitored  and  kept  at  a satis- 
factory level  while  these  glass  changes  were  being  made. 

Next,  a number  of  the  lens  elements  were  altered  with  regard  to  their  thick- 
ness - diameter  ratios.  These  changes  were  performed  concurrent  with  lens  reopti- 
mization. Also,  several  elements  were  found  to  have  curved  surfaces  which  were 
approaching  the  shape  of  a hemisphere.  This  is  not  only  highly  undesirable  from 
a manufacturing  point  of  view  but  it  also  leads  to  extremely  tight  alignment  and 
centering  tolerances.  To  the  greatest  extent  possible  this  situation  has  been  recti- 
fied in  the  final  design  form. 

In  the  optimization  process  key  trade-offs  were  made  in  the  areas  of  effi- 
ciency, resolution,  and  resolution  vs  light  falloff.  These  trades  are  briefly  described 
below. 

Efficiency  - The  baseline  system  has  magnesium  fluoride  (MgF2)  coated 
lenses.  By  using  high  efficiency  HEA  coating,  efficiency  is  raised  20%;  however, 
cost  of  single  and  large  quantity  (30)  lens  procurement  increases  by  14%  and  6.5%, 
respectively. 

Resolution  - By  using  special  glasses  in  the  relay  lenses  an  apochromatic 
relay  system  can  be  built  which  reduces  the  residual  secondary  color  by  a factor 
of  four,  and  reduces  other  aberration  as  well  (see  Figure  14  in  the  next  topic).  The 
result  is  a significantly  higher  resolution  lens  (note  that  only  the  tangential  edge 
resolution  is  much  below  a 70%  MTF).  Extra  cost  is  significant,  however:  a factor 
of  1.19  and  1.17  for  a quantity  one  and  thirty  procurement  respectively,  due  to  '^•.th 
increased  cost  of  glass  and  higher  tolerances. 
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Resolution  vs  Light  Falloff  - Light  falloff  can  be  changed  (to  130%)  to  help 
to  minimize  overall  projector  light  falloff;  i,e.,  by  compensating  for  light  falloff 
in  the  illumination  optics.  However,  resolution  suffers  - the  MTF  at  30  Ip/mm 
drops  from  40%  to  25%.  The  selected  baseline  appears  to  be  the  best  design. 


TABLE  13.  PROJECTION  LENS  SIMPLIFICATION 


Feasibility  Design 

Final  Design 

Number  of  Glass  Types  Used 

9 

6 

Relative  Material  Cost 

100 

57 

Relative  Cost  of  Manufacture 

100 

1 75 

Blanks  of  Nonpreferred* 

7 

3 

Glass  Types 

*With  regard  to  availability  and  delivery  schedules. 
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Section  4 - Component  Investigations 


11.  PERFORMANCE  OF  OPTIMIZED  PROJECTION  OPTICS 


Performance  of  the  optimized  baseline  lens/relay  combination  exceeds  expectations 
in  all  areas  but  efficiency.  Options  are  available  to  further  increase  performance  if 
the  increased  cost  is  justifiable. 

The  performance  of  the  projection  lens/relay  combination  is  presented  in 
Table  14  and  in  Figures  11  through  14  showing  MTF  (center/edge,  tangential/ 
saggital  q>ot  size),  distortion  characteristics,  and  ray  aberration  plots. 

The  numbers  in  the  table  under  the  Baseline  Lens  (MgF2  coating)  column 
substantiate  the  claim  for  excellent  performance.  Distortion  and  resolution  goals 
have  been  satisfactorily  met,  and  light  falloff  is  significantly  better  than  was 
originally  expected.  Veiling  glare  (contrast)  was  not  analyzed  in  detail,  but  is 
estimated  to  be  less  than  0. 5%.  The  only  area  where  performance  fell  short  of 
expectations  is  efficiency.  The  basic  problem  here  is  the  large  number  of  glass 
surfaces  the  light  must  travel  through.  The  numbers  in  the  growth  column 
reflect  alternatives  identified  in  the  optimization  tradeoff  studies  that  could  be 
incorporated  at  additional  cost  if  required. 

Sensitivity  Analyses  - The  final  lens  design  was  analyzed  for  sensitivity 
to  changes  in  magnification,  and  change  in  size  of  the  polarizing  prism.  It  was  found 
that  a 20%  reduction  in  LCLV  image  size  (i.e.,  magnification  changes  from  19.8X 
to  26.6X)  results  in  no  degradation  in  resolution,  but  greatly  increases  distortion; 
however,  a lens  initially  designed  for  a different  magnification  would  have  roughly 
the  same  performance  as  the  baseline  lens. 

Changing  the  prism  size  (reducing  by  10%  to  30%)  has  no  perceptible  effect 
on  performance . 

Cost  Data  - Recurring  and  non-recurring  costs  (from  Kollmorgen  to  Hughes) 
were  developed  for  procurement  of  1,  7 and  30  lenses.  Basic  vendor  lens  cost  (low 
efficiency,  standard  relay)  is  $36,020,  for  the  first  one  (plus  a $39,200  non-recurring 
cost),  and  $11,000  in  quantities  of  thirty.  Although  the  lens  is  an  expensive  item, 
its  cost  is  quite  reasonable  considering  the  high  level  of  performance  obtained. 


Baseline 

Lens Growth Comments 


Efficiency 

49*« 

59% 

Cost  increase  of 
6.5%  to  14% 

Distortion 

Center  at  0.4R  (max) 

0.22  mm 
(0.6%) 

Same 

at  t.OR 

0 

Same 

Resolution  (MTF  30  Ip/mm)* 

Tangential  center 

0.45 

0.75 

Improvement  with 

Tangential  ed|ge 

0.40 

0.52 

apochromatic  relay. 

Sagittal  center 

0.45 

0.76 

Cost  increase  of  18% 

Sagittal  edge 

0.40 

0.76 

Glare  (veiling) 

0.5% 

Same 

Cstinnit.'d  (no  anal- 
ysis performed) 

Light  Falloff 

±5% 

Same 

Tradeoff  for  in- 
creased resolution 

Spectral  Range 

Visual 

Same 

Magnification 

20  X 

Same 

*1200  Ip/displav  height  equivalent 

10  20  30  *0  SO 

SPATIAL  FPEQUENCV  (CVCLES/MM) 


; Figure  11.  Resolution  of  Projection  Optics  with  Conventional  Relay  Lenses  (Baseline) 
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Figure  14.  Ray  Aberration  Plots  for  Tangential  and  Sagittal  Axes.  Ray  aberrations  arc  given  in 
millimeters. 
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Section  4 - Component  Investigations 


12.  RESULTS  OF  THE  SCREEW  TESTS 
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The  screen  tests  indicate  that  a projection  screen  with  ■ | «in  of  • will  provide  the  re- 
quired brightness  and  that  the  orightness  falloff  at  a 140  1 lend  ar«le  will  be  accepUble. 
The  percentage  of  light  depolarized  by  the  projection  sen  en  was  found  to  vary  from 
0.01%  to  21%,  depending  on  the  screen  material,  gain,  an  I manufacturing  process. 

. Since  the  input  to  the  Parrand  pancake  windou  must  be  a real  image,  a rear 
projection  screen  is  required  to  interface  the  LCLV  p/ojector  with  the  pancake  win- 
dow. The  projection  screen  essentially  replaces  the  CRT  face  as  the  real  image 
i^ut  to  the  system;  and,  therefore,  the  projection  screen  must  be  the  same  physical 
size  as  the  CRT  face,  a segment  of  the  surface  of  a 24-inch-radius  sphere  with  a 
36-inch  chordal  diameter.  An  initial  analysis  indicated  that  with  a resolution  of 
10  optical  line  pairs/mm,  degradation  of  system  resolution  would  essentially  be  neg- 
ligible. The  pancake  window  prepolarizes  the  light  entering  it;  and,  thus,  at  least 
50  percent  of  the  input  light  from  a conventional  unpolarized  source  is  lost.  Since 
the  light  out  of  the  LCLV  projection  system  is  already  polarized,  it  is  desirable  to 
employ  a projection  screen  that  produces  a minimum  amount  of  depolarization  so 
as  to  minimize  the  tight  lost  at  the  first  plane  polarizer  in  the  pancake  window. 

It  is  desirable  to  choose  a projection  screen  with  minimum  brightness  fall- 
off with  increasing  bend  angle,  yet  one  that  possesses  a gain  that  is  high  enough 
to  meet  the  overall  brightness  requirements.  Experience  and  literature*  indicate 
that  a gradual  luminance  falloff  of  2:1  vill  appear  quite  uniform.  A detailed 
analysis  of  the  maximum  bend  angle  a toilot  in  the  simulator  can  attain  was  per- 
formed by  the  Space  Division  of  General  Electric  Company  (Beardsley,  Bunker, 
Eibeck,  Juhlin,  Kelly,  Page,  and  Shaffer,  1975).  Their  calculations  show  that 
the  worst  case  condition  for  ASPT  requirements  is  on  the  boundary  of  the  6-inch 
forward-facing  hemisphere  where  the  bend  angle  is  14°. 

A rear  projection  screen  study  was  conducted  to  better  define  the  required 
characteristics  of  the  projection  screen  and  to  determine  if  such  a projection  screen 
could  be  produced  by  screen  manufacturers.  Samples  of  rear  projection  screens 
were  solicited  from  all  known  rear  projection  screen  manufacturers  and  vendors. 

In  all,  28  different  rear  projection  screens  were  received  and  tested.  Bids  were 
solicited  from  vendors  for  a projection  screen  material  with  the  desired  charac- 
teristics as  discussed  below,  bound  to  a 1/4-inch  acrylic  base  of  the  required 
dimensions. 

Screen  Brightness  Falloff  with  Bend  i^igle  — Goniophotometric  measure- 
ments showed  that  a projection  screen's  brightness  falloff  with  bend  angle  in 
polarized  light  was  essentially  the  same  as  the  brightness  falloff  in  natural  light. 
Some  typical  gain  versus  bend  angle  curves  of  projection  screens  that  were 
tested  are  shown  in  Figure  15.  The  percentage  of  on-axis  brightness  was  meas- 
ured at  a 14°  bend  angle  for  the  tested  projection  screens.  The  data  show  that 
even  a screen  with  a gain  of  10  will  only  produce  little  more  than  a 2:1  falloff  at 
a 14°  bend  angle. 

Screen  Depolarization  Factor  — The  amount  of  light  depolarized  by  a par- 
ticular projection  screen  was  measured  by  testing  it  in  a conventional  projection 
light  that  was  prepolarized  and  by  using  a rotatable  linear  polarizer  at  the  aperture 
of  the  measuring  photometer.  The  amount  of  depolarization  incurred  varied 
with  screen  gain  and  with  the  manufacturing  process.  It  was  found  that  the  per- 
centage of  depolarization  tjpically  decreased  with  increasing  screen  gain. 

*H.  R.  Luxehburg  and  Rudolph  L.  Kuehn,  Display  Systems  Engineering  (New  York, 
1968),  p.  297. 
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Screen  Resolving  Power  — The  limiting  resolution  of  the  screen  samples 
varied  from  7 line  pairs/mm  to  228  + line  pairs/mm.  Projection  screens  with 
gains  of  7 or  8 can  easily  be  obtained  with  14  to  16  line  pairs/mm  resolution. 
Thus,  the  projection  screen  will  not  effectively  influence  the  overall  system 
resoluti(m  performance. 

Other  Areas  - No  testing  was  performed  on  screen  uniformity  or  on 
screen  contrast  for  curved,  high  gain  screens.  While  the  GE  study  (ref. 
Beardsley  et  al. , 1975)  showed  significant  variations  over  the  screen,  at  least 
one  supplier  claims  competence  in  providing  screens  of  both  high  gain  and  very 
high  (<5%)  uniformity.  It  was  therefore  assumed  that  the  contribution  of  screen 
gain  variation  to  overall  system  uniformity  will  be  negligible. 

Because  of  the  high  gain,  loss  of  contrast  on  the  screen  (though  it  is 
curved)  should  be  negligible.  However,  no  experimental  data  were  generated 
on  the  study  to  sun>ort  this  statement.  In  the  study  conducted  by  GE  (ref. 
Beardsl^  et  al. , 1975,  p 235),  a curved  LS85  gain  of  15  was  tested;  contrast 
ratios  were  found  to  be  in  excess  of  500.  Since  the  geometry  of  light  scattering 
contrast  appears  to  increase  with  gain,  a lower  gain  (e.g. , light)  should  have 
somewhat  lower,  but  still  very  high,  contrast.  A contrast  ratio  of  250  would 
dverefore  appear  to  be  reasonable. 

Cost  Data  — To  verify  cost  feasibility,  vendor  quotes  were  obtained  for  a 
curved  screen  with  a gain  of  7 (this  gain  appeared  to  be  a reasonable  forecast  of 
final  selection  at  the  time  the  inquiries  were  conducted).  In  general,  all  vendor 
prices  were  roughly  equivalent. 

Conclusion  — The  screen  investigation  and  testing  has  shown  that  a suit- 
able screen  having  very  acc^table  parameters  can  readily  be  procured.  Such 
a screen  will  have  a depolarization  factor  of  approximately  5 percent,  resulting 
in  only  5 percent  loss  of  light  due  to  the  first  polarizer  in  the  pancake  window. 
The  expected  resolving  power  of  an  8-gain  projection  screen  is  from  13  to  18 
line  pairs/mm;  the  effect  on  system  resolution  will  therefore  be  negligible. 

Additional  information  on  screen  test  results  is  provided  in  the  AFHRL- 
TR-77-33  (11)  (limited  distribution)  addendum. 
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1.  PROJECTOR  LIGHT  OUTPUT  TRADE-OFFS  - AVAILABLE  OPTIONS 


Component  parameters  identified  in  the  component  investigations  phase  are  used 
as  the  available  alternatives  for  optimizing  light  output. 

Brightness  is  one  of  the  most  important  system  parameters,  both  from 
an  operational  point  of  view  on  the  one  hand,  and  from  an  equipment  size, 
weight,  power  and  cost  on  the  other.  At  the  same  time  it  is  also  the  most  com- 
plex one  to  analyze  because  it  is  affected  by  so  many  system  components.  A 
special  effort  was  made  in  the  study  to  explore  all  feasible  alternatives  affecting 
screen  brightness,  in  order  to  end  up  with  the  best  combination  of  technical 
feasibility/low  risk,  and  perfonnance.  The  options  availabli-  are  summarized 
in  Table  15. 

The  following  approach  was  taken  to  streamline  the  tradeoff  analysis. 

We  separated  output  screen  brightness  (B)  into  its  two  components:  projector 
light  output  (L^),  and  the  effective  screen  gain  (Geff).  (Note:  "effective"  screen 
gain  accounts  for  the  polarization  in  the  screen. ) Ihe  relationship  between  these 
parameters  is  defined  by  the  equation  B = L©  x Geff/A.  where  A is  the  screen 
area  (which  is  fixed  at  6. 75  square  feet).  Ihus  screen  brightness  is  propor- 
tional to  both  Lq  and  Geff.  This  topic  and  the  next  discuss  the  options  available 
for  Lo,  while  the  one  after  examines  the  impact  of  choosing  the  value  of  screen 
gain  on  light  falloff  with  pilot  head  motion,  a rather  complex  issue.  Finally, 
three  alternative  optimized  system  configurations  are  discussed  in  the  fourth 
topic,  and  one  of  these  is  selected  as  the  baseline. 

Li^t  Output  Model  - The  components  which  contribute  to  determining 
projector  light  output  are  shown  in  Figure  16.  The  numbers  shown  for  each 
component  are  those  values  of  efficiency  which  were  found  to  be  reasonable 
alternatives  based  on  the  Individual  component  investigations  (Section  4).  Ihese 
are  briefly  summarized  here  for  the  reader's  convenience.  Three  sealed  beam 
structure  lamps  (l.  0 kW,  1.6  kW,  2. 5 kW)  with  light  outputs  proportional  to 
input  power  are  potential  light  sources;  however,  since  the  2. 5 kW  size  has  not 
been  tested  as  yet,  using  it  entails  performance  risk  (i.e. . can  it  deliver  a 
proportionate  share  of  the  light  it  generates  to  the  LCLV  image  plane?).  The 
illumination  system  can  be  implemented  with  a relay  (22^J)  or  without  one  (29^). 
The  latter  is  both  more  efficient  and  smaller  but  has  not  as  yet  been  reduced  to 
practice.  The  dichrolcs  can  be  configured  to  yield  a very  large  variety  of  filter 
combinations;  of  these,  three  were  selected  as  reasonable  alternatives:  narrow 
band  dichrolcs  — with  filter  bandwidth  of  30  nm,  and  relatively  low  efficiency 
a4. 5^)  with  an  output  which  is  compatible  with  the  trichromatic  holographic 
pancake  window  (T>-pe  I);  full  color-range  dichrolcs  of  slightly  higher  efficiency 
(299c)  which  have  a slight  color-shift  of  intensity  (Type  II);  and  high  efficiency 
(35  - 9)  dichrolcs  which  sacrifice  color  purity  and  the  capability  to  display  a 
CIE  iUuminant  C white  to  maximize  efficiency. 

The  measurements  on  the  LCLV  indicate  an  efficiency  of  389.  It  is 
expected,  however,  that  the  continued  improvements  in  the  light  valve  will 
result  in  significant  improvements,  with  an  efficiency  of  609  being  a reasonable 
upper  limit.  Beam  splitter  efficiency  is  fixed  at  459;  no  changes  are  expected. 
Finally,  the  projection  optics  can  be  built  without  and  with  high  efficiency  HEA 
coating  to  yield  efficiencies  of  499  and  599 , respectively. 
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Table  15.  SUMMARY  OF  OPTIONS  AVAILABLE 


Element 

Option 

n/Lumens 

Lamp  Module 

1,000  W 

22,000 

1,600  W 

35,400 

2,500  W 

55,500 

Illumination  System 

With  Relay 

22% 

No  Relay 

29% 

Dichroics 

Type  I 

14.5% 

Type  II 

29% 

Type  III 

35% 

LCLV 

Current  (measured) 

38% 

Expected 

60% 

Projection  Optics 

MgF2  Lens  Coating 

49% 

HEA  Lens  Coating 

59% 

LAMP 

MODULE 


ILLUMINATION 

SYSTEM 


OlCHROICS 
AND  TRIM 
FILTERS 


mac  NEILLE 
BIPRISM 


PROJECTION 
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Figure  16.  Model  for  Calculating  Projector  Brightness.  These  individual  elements  are  completely 
independent  of  each  other  and  can  be  combined  in  different  ways  to  provide  different  levels  of 
performance.  Performance  options  are  listed  below  each  element  block. 
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Section  5 - System  Trade-offs 


2.  PROJECTOR  LIGHT  OUTPUT  TRADE-OFFS  - COMPARISON  OF  CANDIDATES 


Parametric  curves  show  the  range  of  values  attainable  with  the  baseline  projector. 

A 1.6-kW  lamp  with  no  relay  system  is  the  best  choice,  with  the  projection  optics  ef- 
ficiency traded  off  for  screen  gain  in  the  next  topic. 

Since  the  components  involved  in  determining  projector  light  output  are 
completely  independent  of  each  other,  they  may  be  combined  in  a number  of  dif- 
ferent ways  (3  X 2 X 3 X 2 X 1 X 2 = 72)  to  yield  a wide  range  of  performance  levels. 

To  make  the  analysis  manageable,  those  options  which  represent  medium 
to  high  risk  were  first  eliminated.  Specifically,  the  currently  measured  value  for 
light  valve  efficiency  is  38%;  while  continued  improvement  of  the  LCLV  as  a re- 
sult of  ongoing  IR<5cD  will  certainly  raise  this  toward  the  eventually  likely  value 
of  60%,  prudence  indicates  use  of  the  38%  figure  at  this  time.  Similarly,  the  fact 
that  the  2.5-kW  lamp  has  not  as  yet  been  tested  makes  its  use  risky;  it  should  not 
be  considered  unless  higher  light  output  is  an  absolute  must. 

Next,  the  remaining  options  were  plotted  on  a tw'o-dimensional  graph  with 
^he  abscissa  being  the  efficiency  of  the  dichroic  set  (the  latter  has  the  largest  num- 
ber of  options  — three  — and  is  most  easily  changed  by  selecting  a different 
dichroic/trim  filter  combination),  and  the  ordinate  being  the  light  output  (Fig- 
ure 17).  The  maximum  and  minimum  values  for  systems  with  a 1.6-kW  lamp 
source  are  drawn  as  a function  of  dichroics  efficiency;  the  shaded  area  between 
these  lines  represents  possible  light  levels  obtainable  by  proper  selection  of  the 
right  illumination  and  projection  optics. 

To  determine  light  output  with  other  lamps,  similar  boundaries  were  drawn 
for  the  1.0  kW  and  2.5  kW.  Interestingly,  there  is  essentially  no  overlap  between 
the  possible  values  for  a 1.6-kW  lamp  system,  and  either  the  1.0-kW  or  the  2.5-kW 
system.  Note  that  the  2.5-kW  region  can  also  be  interpreted  as  a 1.6-kW  lamp  plus 
60%-efficient  LCLV  combination.  In  other  words,  although  both  the  2.5-kW  lamp 
and  the  60%  LCLV  are  high  risk  items,  attainment  of  either  one  results  in  an  ap- 
preciable, almost  identical  increase  in  projector  light  output. 

It  is  clear  from  the  paph  that  the  1.0-kW  lamp,  even  after  optimization 
of  both  projection  and  illumination  optics,  would  still  require  a high  gain  (8)  screen 
to  meet  brightness  requirements.  It  is  therefore  ju<^ed  inadequate,  and  not  con- 
sidered further. 

In  conclusion,  the  1.6-kW  appears  the  best  lamp  choice.  Selection  of  the 
higher  efficiency  illumination  optics  is  somewhat  risky,  and  is  therefore  not  recom- 
mended. The  decision  therefore  reduces  to  whether  to  use  a high  (9.1)  or  lower 
(7.6)  gain  screen,  and  whpther  to  use  the  59%  or  49%  efficiency  projection  optics. 

To  make  this  decision  requires  considering  system  parameters  other  than  just  ligfht 
output;  these  other  areas  are  considered  in  the  next  topic. 


MAX  LIGHT  WITH  60%  EFFICIENT 
LCLV  AND  2.6  kW  LAMP 


MIN  LIGHT  WITH  EITHER 
60%  EFFICIENT  LCLV  OR 
2.5  kW  LAMP 


MAX  LIGHT  WITH  38%  EFFICIENT 
LCLV  AND  1.6  kW  LAMP 


MIN  light  with  38%  EFFICIENT 
LCLV  AND  1.6  kW  LAMP 


MAX  light  attainable  WITH 
1.0  kW  LAMP  AND  38%  LCLV 


Figure  17.  Light  Output  versus  Filter  Bandwidth  for  Projector.  The  shaded  area  between  the 
lines  represents  possible  light  levels  obtainable  by  proper  selection  of  illumination  and  projection 
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Section  5 - System  Trade-offs 


3.  TRADING  OFF  BRIGHTNESS  AND  LIGHT  FALLOFF 


A screen  with  a gain  of  8 yields  a worst  case  light  falloff  of  only  44%  and  a differ- 
ential brightness  of  50%,  and  thus  appears  to  be  a good  compromise  choice  between 
display  on-axis  brightness  and  light  falloff  with  pilot  head  motion.  High  efficiency 
(HEA  coated)  projection  optics  are  therefore  required. 

Selecting  the  gain  of  the  projection  screen  has  a major  impact  on  projector 
design.  As  seen  in  the  previous  topics,  light  output  can  be  traded  off  against  lamp 
power,  filter  bandwidth  (representing  color  purity  and  constancy,  and  growth  to 
holographic  pancake  window  compatibility),  and  cost  of  the  projection  optics.  Since 
light  output  is  nearly  directly  proportional  to  screen  gain,  it  is  clearly  desirable 
to  use  the  screen  with  the  highest  gain.  However,  there  is  a price  to  be  paid:  light 
falloff  with  pilot  head  motion. 

Unfortunately,  little  (if  any) data  are  available  as  to  what  constitutes  accept- 
able light  falloff  and  the  attendant  differential  brightness  between  the  two  eyes. 

In  order  to  avoid  an  arbitrary  selection  of  this  important  parameter  (screen  gain), 
the  following  assertions  were  used  as  guidelines  for  making  the  selection: 

1)  It  is  desirable  to  hold  bri^tness  falloff  from  on-axis  brightness  with 
maximum  head  motion  to  50%  or  less.  This  is  based  on  many  years 

of  Hughes  experience  with  projection  and  CRT  displays  which  indicates 
a 2:1  brightness  variation  is  typically  not  objectionable.  However,  most 
of  this  experience  is  not  directly  applicable  in  a specific  sense. 

2)  It  is  desirable  to  hold  the  differentied  brightness  to  around  40  to  50%. 

This  is  based  on  some  preliminary  tests  run  by  GE(1)  using  neutral 
density  filters  on  each  eye.  They  found  that  "a  mean  percentage”  dif- 
ference of  40  to  50  percent  is  easily  accommodated. 

In  order  to  make  numerical  estimates,  it  is  necessary  to  determine  the 
bend  angle  corresponding  to  6 inches  of  head  motion.  This  is  found  to  be 
a » tan"’  6"/24"  = tan”l  . 25  = 14.  QO,  Note  that  for  angles  smaller  than  14°,  the 
angle  (or)  is  essentially  proportional  to  head  excursion. 

A useful  way  to  represent  the  tradeoff  choices  is  by  plotting  the  two  per- 
formance variables  (worst  case  light  falloff  at  14.0°  and  effective  screen  gain  - 
which  is  equivalent  to  on-axis  brightness)  against  each  other  for  screens  of  different 
manufacturers  and  gains  (see  Figure  18).  Since  most  of  the  points  are  pretty  closely 
grouped,  it  is  possible  to  draw  a single  curve  through  them  which  depicts  with  ac- 
curacy the  relationship  between  light  falloff  and  light  output  achievable  with  avail- 
able screen  types.  Since  depolarization  of  light  (pcu-ticularly  at  lower  screen  gains) 
reduces  the  efficiency  of  the  pancake  window,  it  is  meanin^ul  to  talk  about  an 
"effective  gain"  which  - when  multiplied  by  screen  illumination  - yields  the  effec- 
tive brightness  of  the  pilot-observed  display.  The  results  of  the  depolarization 
tests  conducted  during  the  study  are  therefore  incorporated  into  Figure  18. 

Based  on  this  curve,  the  light  output  calculations  in  Topic  5-2,  and  the 
formula  B=  LoxGeff,  it  appears  that  both  gains  of  7.6  (with  high  efficiency,  HEA 
coated  projection  o^ics)  and  9.1  (without  high-efficiency  coating)  are  reasonable. 

To  use  practical  screens,  and  to  provide  a margin  of  safety,  screens  with  gains  of 
8 and  10  were  used.  To  determine  which  of  these  is  acceptable  requires  considera- 
tion of  both  the  light  falloff  averaged  for  both  eyes,  and  a check  on  differential 
brightness. 

Both  of  these  parameters  are  plotted  for  both  the  8 and  10-gain  screens  as 
a function  of  head  position  in  Figures  19  and  20.  It  appears  that  the  8-gain  screen 

^^Beardsley  et  al.  (1975). 
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meets  both  criteria  set  up  above:  average  brightness  is  off  less  than  509^  (459[). 
and  differential  brightness  is  exactly  50%.  Ihe  10-gain  screen  is  somewhat 
i worse,  and  falls  below  the  required  values.  Ihe  8-gain  screen  is  thus  the 

logical  selection  for  the  baseline  system. 

It  is  worth  noting  that  sbice  the  pilot  will  move  his  head  more  than 
I 4 inches  <mly  infrequently,  average  light  falloff  (1  - Bo)  and  differential  bright- 

ness for  this  screen  gain  will  not  generally  exceed  25%  and  40%,  respectively. 


Qeff  proportional  to  BRIGHTNESS) 


Ba  • PERCENT  OF  ON-AXIS  BRIGHTNESS  - TRANSMITTED  AT  14^ 

FOR  POLARIZED  LIGHT 

OcFF  • 0(1 -y) 

y - DEPOLARIZATION  FACTOR 
NOTE:  FOR  SO  > 2.  7 « 10 

Figure  18.  Relative  Brightness  (Br)  at  Maximum  (6”)  Pilot  Head  Motion.  Light  falloff  (1  - 
Br)  at  l<o  - corresponding  to  6"  head  motion  - can  be  traded  off  against  brightneu  at  nom- 
inal head  position  by  choosing  Kreens  of  different  gain. 


j 0 1 2 3 4 S 6 7 

■*  PILOT  HEAD  MOTION  (DISTANCE  PROM  CENTER  POSITION  IN  INCHES) 


SCREEN  GAIN  a S.O 

F^ure  19.  Relative  Average  and  Differential  Brightness  versus  Pilot  Head 
Motion  for  a Screen  Gain  of  8 


Figure  20.  Relative  Average  and  Differential  Brightness  versus  Pilot  Head  } 

MMion  for  a Screen  Gain  of  10  | 
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4.  COMPARISON  OF  THREE  "REASONABLE"  PROJECTOR  CONFIGURATIONS 


Configurations  optimized  for  either  operation  with  a trichromatic  holographic  pancake 
window,  or  for  maximized  light  output  were  considered  in  addition  to  the  baseline  pro- 
jector. The  former  is  low  on  light,  whereas  the  latter  involves  too  much  risk;  the  se- 
lected  baseline  appears  to  be  a go^  compromise  choice. 

The  previous  three  topics  developed  and  graphically  presented  all  of  the 
data  required  to  configure  projector/screen  combinations  with  a wide  rai^  of 
brightness,  and  also  arrived  at  the  recommended  baseline  projector  (described  be- 
low under  Type  II  system).  To  ^preciate  what  performance  the  range  of  available 
options  can  reach,  it  is  instructive  to  combine  all  this  data  to  configure  three  systems 
of  widely  different  characteristics,  yet  based  on  a reasonable  combination  of  avail- 
able options.  These  three  are  defined  below  listed  in  the  order  of  increasing  dichroic 
filter  bandwidth. 

Type  1 Configuration  - This  ccnfigpiration  uses  narrow  band  filters  to  gene- 
rate an  output  which  is  compatible  with  a trichromatic  holographic  pancake  window. 
(Note:  wider  filters  cause  "crosstalk"  - i.e.,  leakage  between  adjacent  channels  - 
in  the  window. ) The  configuration  of  the  Type  I projector  is:  1.6  kW.  lamp,  22%  illu- 
mination optics,  narrow  band  (14.5%)  filter,  38%  LCLV  efficiency,  and  high  effi- 
ciency (59%)  projection  optics. 

Type  II  Configuration  - This  is  the  selected  baseline  system  using  a 1.6  kW 
lamp,  22%  efficient  illumination  optics,  a filter  group  capable  of  producing  a good 
white  and  a good  color  range,  a 38%  LCLV,  and  59%  apochromatic  projector  optics. 

Type  111  Configuration  - This  projector  is  configured  for  maximum  light 
output,  at  the  expense  of  some  risk  and  color  purity.  The  configuration  incorporates 
a 1.6  kW  lamp,  high  efficiency  (29%)  illumination  optics  (at  some  risk,  since  its 
availability  depends  on  development  of  an  elliptical  lamp  reflector  which  can  be 
optimized  to  eliminate  the  relay  optics),  wide  band  dichroics  which  produce  a some- 
what yellowish  highlight  white,  a 38%  LCLV,  high  efficiency  projection  optics,  and 
a 10-gain  protection  screen. 

PerfprmMiee  Comparison  - A comparison  of  these  three  configurations  with 
respect  to  the  minimum  number  of  meaningful  performance  criteria  is  given  in 
Table  16.  For  Types  I and  II.  the  impact  of  raising  the  optical  efficiency  of  the 
illiunination  optics  is  considered. 

The  following  conclusions  may  be  drawn  from  the  table: 

• The  baseline  system  provides  good  performance  at  minimum  risk. 

a Compatibility  with  a trichromatic  holographic  pancake  window  dramat- 
ically reduces  light  output;  even  improving  the  illumination  optics  does 
not  achieve  compliance  (Note:  using  a gain  10  screen  will  get  brig^htness 
up  to  425  f L - almost  compliant). 

e Significantly  higher  brightness  than  that  of  the  baseline  can  be  achieved 
with  only  minor  degradation  in  light  falloff  and  color  range/purity,  by 
assuming  a slight  technical  risk. 

e Improved  illumination  optics  in  the  baseline  may  be  traded  off  against 
better  performance  (less  light  falloff  - 40  versus  45%  - as  shown  in 
the  table)  or  decreased  cost  of  projection  optics  (not  shown). 
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TABLE  16.  COMPARISON  OF  THREE  REASONABLE  PROJECTOR 

CONFIGURATIONS 


Type  I 

Type  II 

Compatible  with  Tri- 
chromatic HoIograiAlc 
Pancake  Window 

Baseline  Itystem  (com- 
pliant, minimum  risk) 

225  (340*) fL 

510  fL 

45% 

45%  (40%*) 

Good 

Fair 

Excellent 

Fair 

Type  III 


Desoription 


Brightness 

(effective) 


FaUoff 


Color  Range 


Color  Purity 


*With  improved  illumination  optics  (elliptical  lamp  reflector) 

(1)  With  pilot  head  motion  of  6 inches 

(2)  "White"  has  yellowish  tinge 


High-Brightness 

Projector 


1010  fL 


Acceptable'' 

Acceptable 
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Section  5 - System  Trade-offs 


5.  SYSTEM-LEVEL  RESOLUTION  TRADE-OFFS 


The  least-risk  approach  to  meeting  the  center  resolution  requirement  of  30%  MTF 
at  1000  TVL  is  a video  bandwidth  of  30  MHz,  an  LCLV  resolution  of  40  4>/mm,  a 
CRT  spot  size  of  1. 1 mils,  and  the  use  of  apochromatic  relay  lenses  in  the  pro- 
jectlon  optics. 

The  prime  objective  of  this  study,  the  design  of  a color  visual  simulation 
projection  system,  includes  the  quantitative  determination  of  an  "c^timum  resol- 
ution" system.  Optimization  of  system  resolution  must  be  accompanied  by  con- 
sideration of  the  risk  involved  as  well  as  the  cost  for  each  component,  ih 
Topic  7-6  a series-string  model  is  described  which  shows  the  system  compo- 
nents that  determine  system  resolution.  The  system  components  in  that  model 
are  discussed  here  in  terms  of  the  range  of  performance  available  for  the 
resolution-defining  parameter. 

Video  Bandwidth- The  bandwidth  of  the  video  chain  depends  on  the  cas- 
caded bandwidth  of  three  elements:  the  preamplifier,  the  gamma-correction 
circuit,  and  the  video  amplifier.  A two-pole  slightly  peaked  video  response 
which  meets  the  design  requirement  of  ±1  dB  at  20  MHz,  and  has  a 3 dB  response 
at  30  MHz,  implies  a bandwidth  of  at  least  50  MHz  in  each  element.  This  is 
state-of-the-art,  and  further  significant  improvements,  while  feasible,  may  not 
be  cost-effective  (particularly  for  the  gamma  correction  circuit).  A 30  MHz 
bandwidth  is  therefore  selected  as  the  baseltaie. 

Note  that  the  persistence  of  the  LCLV  somewhat  alleviates  the  problem 
of  increasing  bandwidth.  Higher  bandwidth  typically  means  decreased  signal-to- 
noise  ratio.  However,  the  LCLV  integrates  the  noise,  granting  a degree  of  free- 
dom in  the  design  of  the  amplifier  not  present  with  conventional  display  phosphors. 

It  should  also  be  noted  that  if  the  CIG  output  is  digital,  gamma  correction 
can  be  implemented  digitally,  and  a video  channel  bandwidth  of  50  MHz  should  be 
readily  attainable. 

CRT  Spot  Size -A  CRT  spot  size  (at  50%)  of  1.3  mils  has  been  demon- 
strated,  and  a spot  size  of  1.1  mils  at  200  footlamberts  using  15  kV  appears 
readily  obtainable.  The  results  from  further  research  and  development  work 
should  permit  a decrease  in  spot  size  to  0.9  mils.  Although  cost  is  not  a prime 
consideration,  some  technical  risk  is  associated  with  the  latter  reduction  in 
spot  size. 

LCLV-  The  limiting  resolutiem  of  several  different  cells  was  measured 
and  found  to  be  typically  40  Ip/mm.  As  there  is  continual  development  being 
carried  out  in  this  area,  it  is  reasonable  to  expect  an  increase  to  50  Ip/mm  in 
the  near  future.  , 

Optics  - The  KoUmorgen  study  concluded  that  with  a conventional  relay, 
an  MTF  OT  80%  at  1000  lii)es  was  achievable.  Using  apochromatic  relay  lenses 
produces  a 15%  increase  in  center  MTF,  at  a substantial  Increase  in  cost. 

Image  Size  - With  a 1.8-in.  diameter  LCLV,  1.6  in.  is  the  resultant 
mage  size.  Increasing  the  size  of  the  image  through  the  system  is  an  obvious 
means  of  Improving  each  component  resolution  following  the  video  amplifier. 
However,  the  size  increase  in  the  CRT  and  LCLV  Involves  development  work,  a 
larger  and  heavier  projector,  and  would  result  in  more  expensive  LCLVs  and 
optics. 

Analysis  of  System  Resolution-  The  system  resolution  as  tabulated  in 
Section  7 is  plotted  in  Figure  21  for  the  center  and  edge  of  the  projected  imagery. 
The  gr^h  is  based  on  component  parameters  which  can  be  obtained  with  hi(^ 
confidence:  video  bandwidth  of  30  MHz,  an  LCLV  resolution  of  40  Ip/mm,  and 
an  LCLV  image  size  of  1.6  in.  The  present  state  of  the  art  in  fiber  optics  does 
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not,  at  this  time,  allow  further  resoluticm  improvement.  The  graph  is  drawn  for 
the  optics  with  and  without  the  apochromatic  relay  lenses,  and  the  CRT  spot 
size  is  shown  as  a variable.  Any  improvement  to  either  video  bandwidth  or 
LCLV  resolution  will  shift  the  curves  up  on  the  graph  by  the  percentage  resolu- 
tion increase. 

Inspection  of  these  resolution  plots  reveals  two  conditions  for  which  the 
center  resolution  of  30%  MTF  at  1000  TVL  can  be  met: 

• Projection  optics  with  ^ochromatic  relay  lenses  allows  the  S0%  spot 
size  to  be  nearly  1.1  mils  in  the  center. 

• Projection  optics  without  apochromatic  relay  lenses  dictate  a maximum 
50%  spot  size  of  0.95  mils  in  the  center. 

The  choice  of  the  higher  resolution  projection  optics,  although  more  expensive,  is 
considered  the  better  of  the  two  approaches  at  this  time  due  to  the  risk  involved 
in  spot  size  reduction.  The  50%  CRT  spot  size  required  to  produce  30%  MTF  at 
1000  TVL  in  the  center  is  therefore  1.1  mils.  If  a 30%  spot  growth  at  CRT  edge  is 
assumed  (1.42  mils),  an  edge  resolution  of  37%  (i.  e. , higher  than  required)  la  pro- 
duced at  750  TVL. 


ASSUMPTIONS  ANO  CONDITIONS 
o VIDEO  BANDWIDTH  • 30MHI 
o LCLV  RESOLUTION  - 40  Ip/inm 
o RASTER  SIZE  > 1.6  IN. 
o 1,000  TVL  INPUT  CENTER 
o 750  TVL  INPUT  EDGE 

o O indicates  WITH  APOCHROMATIC  RELAY 
o X INDICATES  WITHOUT  APOCHROMATIC  RELAY 


CRT  SPOT  SIZE  (MILS)  ^ ' 

Figure  21.  LCLV  Color  ProjecCor  Resolution  versus  CRT  Spot  Size.  Improvements  can  be  made 
by  increasing  the  video  bandwidth  or  raising  the  LCLV  resolution  resulting  in  an  upward  vertical 
shift  of  the  resolution  curves. 
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6.  DEVELOPING  AN  APPROACH  TO  MINIMIZE  DISTORTION  AND  COLOR 
MISREGISTRATION 

The  combination  of  stable  deflection  circuitry,  a hybrid  digital/analog  position  correc- 
tion system,  and  a means  of  mechanically  aligning  projector  and  screen  will  enable 
attainment  of  a projector  distortion  of  0.5%,  interwindow  discontinuity  of  1%  and  color 
registration  of  0.06%. 

The  formal  requirement  of  holding  distortion  within  a single  window  to  less 
than  1%,  and  the  derived  requirements  of  1)  holding  interwindow  discontinuities 
to  less  than  1%,  and  2)  holding  color  misregistration  to  less  than  0,05%  (i.e. . less  than 
half  a line  width)  requires  that  special  precautions  be  taken  in  the  design  of 
the  deflection  channel.  Note  that  of  these  three,  color  registration  is  the  hardest 
to  achieve,  even  though  the  sweep  generator  , the  projection  optics,  and  the  screen 
are  shwed  by  all  three  channels.  This  investigation  analyzed  the  sources  of  distor- 
tion within  the  system,  quantified  them  by  either  analysis,  measurement  (when 
possible  within  available  funding)  or  estimating,  and  developed  techniques  for  cor- 
recting them. 

Analysis  of  Deflection  Channel/Optical  Components  - The  elements  oon- 
tributing  to  projector  distortion/color-misregistration/interwindow  discontinuity 
are  numerous.  The  initial  step  in  the  investigation  was  to  make  a list  of  all  contrib- 
uting elements  (see  Table  17),  and  establish  die  potential  contribution  ofeach  to  total 
distortion  by  measurement  (fiber-optic  plates),  analysis  (CRT),  combination  of  mea- 
sitfement  and  analysis  (deflection  amplifier),  analysis  of  vendor  specifications  (yoke, 
high  voltage  power  supply),  and  by  optimizing  design  to  minimize  distortion  (pro- 
jection lens).  Note  that  drift  (in  offset  and  gain)  for  the  sweep  generator  and  the 
deflection  amplifiers  is  listed  as  what  it  must  be  in  order  to  hold  color  registra- 
tion. These  component  contributions  are  tabulated  in  Table  17,  which  also  indi- 
cates on  which  of  the  three  system  parameters  (distortion,  interwindow  con- 
tinuity or  color  registration^ the  component  error  impacts,  and  the  extent  of  the 
impact— assuming  no  corrective  action  is  taken. 

Approach-  It  is  clear  from  the  table  that  a straightforward  optimization 
of  each  component  in  the  list  - although  alleviating  the  problem  somewhat  - will 
definitely  not  yield  the  desired  overall  distortion,  let  alone  the  required  color  regis- 
tration. Consequently,  it  was  decided  to  pursue  several  techniques  in  addition  to 
component  optimization  to  come  up  with  an  operationally  acceptable  display. 
Specifically,  it  was  decided  to: 

• Provide  the  means  for  mechanically  aligning  the  screen  to  the  pancake 
window,  the  projector  to  the  screen,  and  the  three  LCLVs  to  the  pt^ 
jector  optical  axis;  and  for  mechanically  locking  these  into  position. 

• Provide  analog  circuitry  to  compensate  for  gross  sources  of  distortion. 

• Provide  electronic  vertical  and  horizontal  correction  from  a digital 
correction  memory. 

• Incorporate  a slide  projector  to  project  a predistorted  stable  reference 
slide. 

The  real  key  to  successfully  meeting  the  requirements  is  the  correction 
memory  which  can  compensate  for  any  shape  or  size  distortion  within  certain  limits. 
With  this  approach,  aligning  the  three  channels  to  the  0.03%  accuracy  required  for 
registration  looks  feasible:  the  analog  circuits  compensate  for  gross  systematic 
and  easily  correctable  distortions,  whereas  the  digital  memory  stores  corrections 
(for  up  to  a 32  X 32  points  on  the  display  area)  to  fine-tune  the  color  registration. 

Having  aligned  the  system,  the  stability  of  the  deflection  channel  must  be 
excellent  to  ensure  long-term  stable  registration  of  the  three  images.  The  image 
drift  due  to  changes  in  deflection  amplifier  offset  and  gain  and  drifts  in  the 


linearity/rotation  circuitry  (very  small)  cannot  exceed  0.03%  over  the  image  area 
if  total  color  registration  is  to  be  maintained  to  within  0.06%  over  a period  of  sev- 
eral hours  without  requiring  realignment  of  the  projector.  (Note  that  the  sweep 
generator  is  common  to  all  three  channels;  its  drift  impacts  interwindow  continuity, 
but  not  color  registration.) 


Table  17.  SOURCES  OF  DISTORTION/MISREGISTRATION  AND 
THEIR  IMPACT  ON  SYSTEM 


Error 

Has  Impact  On 

Sources  of  Distortion/ 

Contribution 

Interwindow 

Color 

Misregistration 

(%)*** 

Distortion 

Continuity 

Registration 

Sweep  Generator 

Offset 

0.05** 

X- 

- 

Gain 

0.02** 

X* 

X* 

- 

Nonlinearity 

0.01 

X* 

X* 

- 

Linearity/Rotation 

0.01** 

X 

X 

X 

Ckts  Drifts 

Deflection  Amplifier 

Offset 

0.02** 

X 

X 

XX 

Gain 

0.01** 

X, 

X. 

? 

Nonlinearity 

0.02 

X* 

X* 

Yoke  Nonlinearity 

0.6 

XX* 

xx° 

XX* 

Yoke  Nonorthogonality 

1.0 

XX* 

xx° 

XX* 

CRT 

0.5* 

XX 

XX 

XX 

CRT  Fiber-Optic  Plate 

0.25 

X 

X 

XX 

HV  Power  Supply 

0.015 

- 

- 

X 

LCLV  Fiber-Optic  Plate 

0.25 

X 

X 

XX 

LCLV  Misalignment 

1,0* 

xx°* 

xx°* 

XX 

Projection  Lens 

0.6 

XX 

X 

- 

Screen/Projector 

Alignment 

1.0* 

xx°* 

xx° 

Screen/ Pancake  Window 
Alginment 

1.0* 

xx° 

XX* 

Key:  x - Some  impact  Prlmaiy  Correction  Approach: 

XX  - Major  impact  ^ Analog  correction  circuits 

o Mechanical  alignment/errors  except  stability  (two 
asterisk)  items.  All  other  errors  are  correct^ 
with  digital  correction  memory  approach. 

^Estimated  value,  no  detailed  analysis  performed. 

**Tbese  represent  derived  stability  requirements. 

***UncorreoM  distortion  contrfcution  except  for  double  asterisk  items. 
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Section  6 - Baseline  Design  Description 
Subsection  A - System  Overview 

1.  OVERVIEW  OF  THE  SYSTEM 


The  study-recommended  approach  permits  implementation  of  a high-quality,  multicolor, 
wide-field-of-view  mosaicked  multiprojector  system  which  can  operate  on  a motion 
platform,  has  high  operational  availability,  and  can  be  operated  at  reasonable  cost. 

The  basic  reason  for  this  study  is  the  Air  Force's  need  for  a wide-field-of- 
view  (FOV)  simulator  which  can  provide  an  effective  means  of  training  pilots  of 
high  performance  fighter  aircraft.  The  most  promising  technique  for  implementing 
a visual  system  of  acceptable  realism  for  such  a simulator  employs  a mosaicked 
set  of  virtual  image  displays  driven  by  a computer  image  generator  (CIG),  with  a 
typical  number  of  displays  mosaicked  being  7 or  8.  Each  display  consists  of  a 90° 
FOV  virtual  image  in-line  infinity  optical  system  (ILIOS)  pancake  window,  a 24-inch- 
radlus  curved  projection  screen,  and  a display  capable  of  generating  a high  quality 
(over  1000-line  resolution,  with  imlformity  and  high  brightness,  low  distortion  and 
good  edge  matching)  color  image  on  the  screen.  The  mosaicked  set  of  projectors 
must  be  capable  of  operating  on  a motion  platform  to  enhance  simulation  realism. 
Because  of  the  complexity  due  largely  to  fte  large  number  of  lndq>endent  displays 
required,  high  system  availability  is  of  special  concern:  the  system  should  ^ 
capable  of  reliable  operation  on  at  least  a 16  hours/day  schedule  without  requiring 
extraordinary  maintenance  support  measures.  Finally,  operating  costs  (on  a life- 
cycle-cost  basis)  must  be  kept  low  to  meet  training  cost-effectiveness  criteria. 

In  the  recommended  system  (see  Figure  22) , each  display  uses  a liquid  crys- 
tal light  valve  (LCLV)  projector  coupled  with  a hi^  gain  screen  to  generate  the  high 
quality  image.  The  projector  uses  a rigid  optical  plate  as  its  basic  structure.  The 
projector  and  screen  assembly,  are  rigidly  mounted  to  the  dodecahedron  frame  to 
ensure  mechanical  integrity  diuMng  motion  platform  operation.  Common,  redundant 
low/medium  voltage  and  individual  lamp  power  supplies  for  each  of  the  projectors 
are  housed  in  a central  power  simply  cabinet.  A central  minicomputer,  two  disc 
units  and  two  maintenance  control  panels  capable  of  remote  operation  are  provided 
to  support  maintenance  of  the  system.  Two  projector  configurations  were  considered. 
The  larger  one  using  Illumination  relay  optics  is  selected  as  the  conservative  low 
risk  baseline  system.  The  alternate  is  significantly  smaller  in  size  and  weight, 
and  has  32%  more  light  output.  Though  some  technical  risk  exists,  feasibility 
of  this  paclmglng  approach  Spears  likely. 

High  Quality  LCLV  Prol«;tor  - The  key  to  the  recommended  system  is  the 
use  of  the  liquid  ci^stal  light  valve.  This  device  features  high  sensitivity  to  permit 
the  implementation  of  the  desired  performance  with  low  power  and  reliable  electron- 
ics. It  also  permits  low  ll^t  absorption  with  good  llg^t  efficiency  to  realize  a 
hi{^  brightness,  uniform,  flicker-free  image  at  reasonable  lamp  power  levels. 

The  other  key  concepts  contributing  to  high  light  output  are  the  use  of  a high  gain 
directional,  non-depolarizing  screen,  and  the  fact  that  the  image  generated  is 
polarized,  which  nearly  doubles  the  efficiency  of  the  pancake  window.  Color  is 
obtained  by  accurately  superimposing  and  registering  three  separate  chaimels 
which  generate  red,  green  and  blue  images,  respectively,  from  a single  light 
source.  The  desired  registration  between  channels  (for  no  color  fringing)  is 
achieved  with  the  aid  of  a digital  deflection  correction  memory  in  each  chaimel. 

This  technique  also  reduces  distortion  and  interwindow  discontinuity  considerably 
below  the  specified  1 percent.  Dlchrolcs  determine  the  spectral  characteristics 
of  the  three  channels,  and  provide  growth  to  compatibility  with  a trichromatic 
holographic  pancake  window. 

Motion  Platform  Operation  - A dual  approach  was  used  to  ensure  struc- 
tural and  performance  int^^ity  imder  acceleration  conditions  encountered  on  a 
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motloD  platform.  First,  the  optical  elements  of  ttie  projector  are  oopluiarly 
mounted  on  a lightweight,  very  rigid  honeycomb  reii^rced  optical  h— r»it«  to 
accurately  maintain  tolerances  during  motion.  Second,  die  projector  is  nmnntoH 
by  means  of  rigid,  tubular  struts  which  attach  this  baseplate  to  the  dodecahedral 
frame  structure  which  holds  the  pancake  windows.  The  projectors  are  mnmeaii  per- 
pendicularly to  one  facet  of  the  p^agon  to  align  die  axes  of  polarization  of  the 
projector  and  pancake  window;  their  orientation  is  optimized  for  accessibility.  The 
screen  is  attached  to  a mounting  plate  on  the  dodecahedron  frame,  allowing  inde- 
pendent projector  alignment. 

High  Availability  - Keys  to  availability  are  assuring  good  reliability, 
and  proviwig  a variety^f  maintenance  features  to  support  maintenance  actions. 

Hy  virtue  of  the  low  power  electronics,  the  MTBF  of  one  projector  is  estimated 
to  be  very  high  (over  8000  hours).  With  redundancy  in  the  central  power  sup- 
plies, overall  MTBF  of  mission-critical  hardware  (excludes  minicomputer  and 
discs)  is  estimated  to  be  1130  hours.  When  failures  do  occur,  observation  of 
various  test  patterns  stored  on  disc  and  recalled  via  the  minicomputer  to  the 
screen,  and/or  monitoring  of  test  points  in  the  hardware  will  lead  to  rapid 
isolation  of  a single  hdled  card.  A reference  slide  in  each  projector  (initially 
aligned  for  mosaicking)  is  used  to  permit  independent  alignment  of  each  projec- 
tor, yet  ensure  system  interwindow  continuity. 


Figure  22.  Overview  of  Multiprojcctor  System.  The  projectors  are  mounted  by 
support  struts  connected  to  the  frame  which  provides  rigid  projector  support. 
The  screen  is  separately  attached  to  a mounting  plate  on  the  dodecahedron 
frame. 
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Section  6 - Baseline  Design  Description 
Subsection  A ~ System  Overview 

2.  FEATURES  OF  THE  RECOMMENDED  LCLV-BASED  PROJECTOR  DESIGN 


The  basic  design  concepts  in  the  LCLV  projector  closely  approach  those  of  an  idealized 
additive  color  system.  Key  concepts  are:  a small,  low-light-absorption,  sensitive,  light 
valve  driven  by  a fiber  opUc  CRT;  a single  compact,  efficient  light  source;  and  a coUi- 
mated,  polarized  beam  to  combine  and  project  the  three  color  images. 

The  concepts  underlying  the  design  of  the  LCLV  (low  light  absorption  and 
high  resolution)  translate  directly  into  tangible  benefits  in  an  additive  color  pro- 
jector. The  important  LCLV  design  concepts  are  listed  In  Table  18,  along  with  the  i 

hardware  features  they  imply.  j 

Light  V^ve  - In  simulation  applications  (where  light  output  is  important) 
the  use  of  a light-valve  approach  is  attractive.  Assuming  the  light  valve  can  take 
the  power  density  in  the  illumination  beam,  light  output  is  simply  a function  of  the 
light  source  and  condensing  system,  and  can  be  made  as  high  as  the  practical  limi- 
tations of  those  elements  permit.  The  LCLV  relies  on  rotating  the  axis  of  polariza- 
tion of  the  illuminating  light  in  the  liquid  crystal  layer  to  create  an  image.  Since 
tjiis  is  not  an  absorptive  process,  the  light  v^ve  absorbs  less  than  4 percent  of  the 
light  falling  on  it.  Consequently,  light  levels  of  several  thousand  lumens  are  feasible. 

LCLV  and  Driving  Fiber  Optic  CRT  - The  high  resolution  of  the  LCLV  (40 
line  pairs/mm  permits  the  LCLV  to  be  only  1.8  inches  in  diameter  to  provide  the 
required  resolution.  The  CRT  is  prealigned  and  encapsulated  in  a shield  with  the 
deflection/focus  magnetics,  resulting  in  a cylinder  4.5"  in  diameter  and  14  inches 
long.  This  size,  combined  with  the  fiber  optic  system  which  transfers  the  CRT 
phosphor  image  to  the  photoconductor  input  layer  in  the  LCLV,  allows  the  LCLV 
to  be  mounted  directly  in  front  of  the  CRT,  and  results  in  a very  compact  "image 
generator"  package.  This  is  important  in  an  additive  color  system  where  three 
separate  image  generators  are  required. 

Due  to  the  high  sensitivity  of  the  LCLV  and  the  efficient  fiber  optic  input 
optics,  the  light  input  required  to  drive  the  LCLV  is  only  200  footlamberts.  Thus 
no  more  than  20  kV  should  be  required  for  the  LCLV-driver  fiber  optic  CRT.  Low 
screen  voltage  and  screen  current  imply  a reliable,  long-lived  CRT. 

Because  of  the  offset,  gain,  rotation  and  distortion  correction  requirements 
of  the  color  projector,  a linear  deflection  (as  opposed  to  flyback)  amplifier  is  re- 
quired. Typically,  linear  deflection  implies  high  power  and  complex  circuitry.  How- 
ever, because  of  the  low  screen  voltage,  the  small  CRT  faceplate  and  small  CRT 
deflection  angle  (35  degrees),  low  yoke  currents  can  be  used.  Low  yoke  currents 
permit  the  use  of  reliable,  simple,  low  power  deflection  circuitry.  A significant 
benefit  of  this  approaches  that  nonlinear  rasters  (which  may  be  required  for  dis- 
tortion compensation)  are  easily  accommodated.  Also,  the  capability  to  display 
multi-target  information  (requiring  the  display  of  several  rasters  of  different  sizes 
and  locations)  is  completely  feasible.  An  added  benefit  of  the  fiber  optic  faceplate 
and  small  deflection  angle  is  that  the  phosphor  surface  can  be  shaped  to  fit  the 
plane  of  best  electron  beam  focus,  reducing  the  amount  of  focus  programming  and 
distortion  (pincushion)  correction  required. 

Light  Source  - The  use>of  a single  light  source  (as  opposed  to  three)  has 
the  obvious  advantages  of  reduced  size,  weight,  power,  and  operating  cost.  The 
sealed-beam  light  source  utilized  in  the  HDP-800  and  selected  for  the  baseline  ap- 
proach is  compact  and  very  efficient. 

Color-Defining  Dichroics  — Along  with  the  spectral  characteristics  of  the 
LCLV,  selection  of  the  dichroics  and  trim  filters  will  determine  the  spectrum  of 
the  three  projected  colors.  Selectability  of  this  spectrum  is  important  for  growth 
to  operation  with  a trichromatic  holographic  pancake  window. 
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Ilium  ination  System  - The  illumination  system  outputs  a collimated,  low- 
diverging-angle  beam  to  the  beamsplitting,  polarizing,  additive  color  optics.  Good 
coUimation  is  required  to  obtain  a high  polarization  ratio  (hence  good  screen  con- 
trast) from  the  MacNeille  prism.  The  collimated  beam  also  provides  a number  of 
other  benefits  to  an  additive  color  projector:  1)  it  allows  superposition  of  the  three 
color  images  with  small-diameter,  compact  optics,  and  simplifies  the  task  of  ac- 
curate superposition  to  minimize  color  misregistration;  2)  the  collimated  system 
naturally  lends  itself  to  a single  projection  lens,  eliminating  color  misregistration 
caused  by  differential  magnification  or  distortion  among  three  separate  lenses;  and 
3)  the  low  divergence  angle  of  the  beam  entering  the  projection  lens  permits  the 
use  of  telecentric  optics.  The  f/number  of  the  lens  can  be  high  (f/8),  facilitating 
design  of  the  lens  of  required  resolution. 

Polarized  Light  Output  - A final  feature  of  the  LCLV  system  is  that  the 
projector  output  is  polarized.  If  the  depolarizing  effect  of  the  screen  is  minimized 
by  using  a high  gain  screen,  and  the  axes  of  polarization  of  the  projector  and  pan- 
cake optics  are  properly  aligned,  the  efficiency  of  the  pancake  optics  can  be  in- 
creased by  a factor  of  almost  2.  This  Is  equivalent  to  an  effective  increase  in 
projector  light  output  by  a corresponding  factor. 


TABLE  18.  HARDWARE  BENEFITS  OF  LCLV  DESIGN  CONCEPTS 


Basic  Design  Concepts 

Resulting  Hardware  Features 

1 

Low-absorption  light 
valve  image  generator 
(LCLV) 

- Light  output  function  of  external  light  source 

- Ease  of  growth  to  higher  lig^ht  output 

Small,  sensitive  (high 
gain)  light  valve 

- Compact  threcHihannel  system 

- Low  screen  voltage,  easily  modulated  high 
resolution  CRT  (growth  to  higher  resolution) 

Fiber  optic  coupliiu 
between  CRT  and  LCLV 

- Low  power  deflection  and  video  circuits 

— Linear  deflection  system  readily  adapts  to 
non-linear  raster,  or  subrastering,  and  per- 
mits the  mixing  of  correction  signals  with 
main  deflection  to  ensure  color  registration 
and  low  distortion. 

Single  efficient  light 
source 

- Power  efficiency,  lower  power  consumption 

- Small,  compact  illumination  system  feasible 
(see  alternate  approach) 

Collimated  illumination 
beam 

- Simple,  compact  optics  to  combine  color 
channels 

- Single  projection  lens  to  minimize  color  mis- 
registration 

- Low  f/#  projection  optics  simplify  projection 
lens  design 

Polarized  light  output 

p Improves  effective  efficiency  in  pancake  window 
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Section  6 - Baseline  Design  Description 
Subsection  A - System  Overview 

3.  DESIGN  OF  THE  PROJECTOR 


The  baseline  projector  is  organized  as  a modular,  easily  mainUined  high  resolution  color 
television  projection  system.  Major  projector  system  groups  are  the  electronic  sub- 
system,  the  liquid  crystal  light  v^ve,  the  optics  subsystem,  and  the  display  screen. 

The  projector  accepts  inputs  from  the  computer  image  generator  (CIG), 
and  projects  a high  brig’  tness,  high  quality,  1000-Une  television  display  on  a 3-foot 
chordal  length  hemisphe.ical  rear  projection  screen.  The  projector  accepts  both 
video  and  sync  signals  from  the  CIG.  Internal  test  pattern  generation  capability 
is  prided  to  permit  the  projector  to  demonstrate  operation  in  a stand-alone  mode, 
to  simulate  inputs  from  a CIG,  and  to  provide  off-line  test/alignment  capability. 

A block  diagram  of  the  system  Is  shown  in  Figure  23. 

Electronic  Subsystem  - The  function  of  the  electronic  subsystem  is  to  con- 
vert either  external  or  internally  generated  raster  sync  and  video  signals  into  a 
bright  visual  image  on  three  fiber  optic  faceplate  CRTs  to  drive  the  three  LCLVs. 
Control  panel  setti^  select  either  CIG  or  the  display  of  test  patterns.  Controls 
to  adjust  display  brightness  are  also  included.  The  subsystem  is  divided  into  three 
identical  (red,  green  and  blue)  channel  electronics,  and  circuitry  which  is  shared 
by  all  three  (common  electronics). 

Bach  of  the  three  identical  channels  consists  of  a deflection  channel,  a 
vi  Jeo  channel,  CRT  and  LCLV  circuits,  and  a CRT.  The  deflection  channel  accepts 
sweep  and  correction  signals,  generates  rotational  and  orthogonality  corrections, 
provides  for  sizing  and  centering  the  image,  and  drives  the  deflection  yoke  of  its 
CRT.  Chopper  amplifiers  are  utilized  to  ensure  the  stability  of  the  deflection  wave- 
forms and  minimize  interchannel  Jitter  and  drift.  The  video  channels  accept  ex- 
ternal or  test  pattern  video,  compensate  for  LCLV  characteristics,  cuid  drive  the 
cathodes  of  the  CRTs.  The  CRT  is  a small  magnetic  deflection/focus,  2-inch,  high 
resolution  fiber  optic  faceplate  CRT  that  is  encapsulated,  along  with  deflection 
and  focus  magnetics,  in  a ruggedized  shield  assembly.  Individual  CRT  and  LCLV 
bias  circuits  are  included  in  each  channel. 

The  timing  generator  uses  either  external  or  internally  generated  sync  sig- 
nals to  provide  all  timing  signals  for  the  projector.  These  signals  are  used  by  the 
sweep  generator  to  output  vertical  and  horizontal  raster  sweeps  to  all  three  chan- 
nels, and  by  the  display  logic  unit  to  output  digitally  stored  position  coirection  sig- 
nals unique  to  each  channel  in  order  to  ensure  registration.  The  display  logic  unit 
also  generates  control-panel-selected  stored  test  pattern  video  for  all  three  chan- 
nels, and  can  store/refresh  test  patterns  received  from  the  central  minicomputer. 
Low-  and  medium-voltage  power  supplies  to  drive  the  electronics,  and  a xenon 
lamp  power  supply  to  power  the  light  source  are  located  off  the  platform  in  a 
central  power  supply  cabinet. 

Liquid  Costal  Light  Valve  - The  LCLV  converts  the  CRT  image  into  a bi- 
refri^ent  pattern  in  a thin  liquid  crystal  layer,  which  can  then  be  projected  by  re- 
flecting polarized  light  off  an  internal  mirror  located  behind  the  liquid  crystal. 

A unique  LCLV  is  provided  for  each  channel  to  maximize  contrast  at  the  fast  re- 
sponse times  required. 

Optics  Suteystem  - One  efficient,  sealed  beam  xenon  arc  lamp  and  illumi- 
nation optics  within  the  illumination  group  (including  a relay  system  which  may 
be  eliminated  in  the  future)  provides  a high  intensity,  uniform,  collimated  light 
beam  for  projection  of  the  image.  In  the  beamsplitter  polarizer  group,  a MacNeille 
prism  polarizes  the  light,  directs  it  to  the  three  LCLVs  through  the  dichroic  mir- 
rors which  split  the  light  spectrally  and  physically  to  illuminate  each  LCLV  with 
one  color  of  light,  and  analyzes  the  returned  recombined  light  beam  for  projection. 
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The  projection  optics  are  composed  of  a relay  lens  system  to  reduce  the  effective 
focal  length  required  of  the  projection  lens,  a wide  an^e  telecentrie  projMtion 
lens,  and  prisms  to  fold  the  optical  path  to  minimize  occupied  space.  The  optics 
subsystem  also  provides  for  selection  of  a reference  background  slide  utilized  in 
system  alignment.  The  24-ineh-radius  spherical  rear  projection  screen  is  mounted 
directly  to  the  optical  plate  of  the  projector  frame  holding  the  pancake  window. 

Acrylic  was  chosen  as  the  base  material,  rather  than  glass,  in  order  to  reduce  the 
wei^t  of  the  system.  An  8-galn  screen  provides  the  required  brl^tness  at  mlnimiiTn 
light  falloff  with  pilot  head  motion. 


Figure  23.  LCLV  Color  Projector  Functional  Organization 


Section  6 - Baseline  Design  Description 
Subsection  B - Projector  Electronics  Subsystem 

1.  DESCRIPTION  OF  THE  DIGITAL  ELECTRONICS  IN  A MULTIPROJECTOR  SYSTEM 


Digital  techniques  provide  the  flexibility  to  achieve  the  required  registration/distortion/ 
alignment  characteristics.  A central  minicomputer  with  disc  storage  is  recommended 
as  a low  cost,  versatile  approach  to  realize  an  easily  maintained,  high  availability 
system.  ' 

Requirements  - A need  to  incorporate  digital  logic  circuitry  in  a multi- 
projector  system  is  derived  from  two  basic  requirements.  First,  a digital  correction 
memory  must  be  provided  for  every  channel  of  each  projector;  second,  there  is  a 
need  to  provide  a variety  of  test  patterns  for  system  alignment,  operational  readi- 
ness testing,  and  troubleshootiiy. 

The  need  for  open-loop  correction  of  the  many  distortions  in  each  channel 
to  ensure  good  color  registration  as  well  as  to  ensure  window-to-window  registration 
was  established  in  the  study  phase  (see  Topic  5-6).  It  appears  that  a 1024  x 12  bit 
correction  memory  is  required  for  each  channel;  thus  a 1024  x 36  memory  will  ac- 
commodate a full  projector.  Clearly,  the  correction  data  storage  must  be  nonvola- 
tile (i.e.  not  lost  with  power  off,  or  with  power  failure).  Further,  it  is  essential 
that  features  be  incorporated  into  the  system  to  minimize  the  time  required  to  ini- 
tialize the  correction  memory  for  a specific  set  of  components;  i.e.,  it  should  not 
be  necessary  to  enter  all  1024  points  individually  for  each  channel  every  time  a 
CRT,  an  LCLV  or  a deflection  amplifier  is  replaced.  Additionally,  it  is  highly  de- 
sirable to  have  the  capability  to  operate  in  an  interactive  mode  when  entering  cor- 
rection data,  so  that  the  display  resulting  from  the  stored  correction  can  be  moni- 
tored and  modified  in  real  time. 

The  capability  to  display  a variety  of  digitally  generated  test  patterns  is 
required  to  support  the  areas  of  initial  alignment,  operational  readiness  test  and 
troubleshooting  (fault  isolation)  procedures.  Deflection  channel  test  patterns  are 
required  to  support  test/alignment  of  distortion,  window-to-window  misalignment, 
f**®)'*^*®**!  end  registration.  In  the  video  channel,  patterns  to  test/align  gray  scale, 
color  rendition,  color/brightness  uniformity  and  horizontal  resolution  are  required. 

For  video  patterns  it  is  desirable  to  generate  the  patterns  locally  in  each  projector 
in  order  to  bypass  the  CIG  video  drive  system  with  its  attendant  bandwidth  limita- 
tions. Other  test  patterns  directed  specifically  toward  malfunction  isolation,  par- 
ticularly in  the  digital  area,  are  highly  desirable. 

Alternatives  C^idered  - Two  basic  approaches  of  greatly  different  auto- 
mation and  complexity /cost  were  considered,  based  on  the  type  of  correction  mem- 
ory used.  The  use  of  an  independent  programmable  read-only  memory  (PROM)  in 
each  projector  to  store  both  correction  data  and  test  patterns,  with  off-line  modi- 
fication of  the  correction  data,  is  a low  cost  but  a very  limited-speed  and  cumber- 
some approach.  At  the  other  extreme  is  a system  based  on  a central  minicomputer 
with  magnetic  off-line  nonvolatile  storage  that  provides  interactive  entry  of  cor- 
rection data  and  offers  a great  deal  of  flexibility  and  growth.  A third,  intermediate 
approach,  employing  a PROM  for  both  correction  and  test  pattern  data  but  providing 
the  means  to  bypass  it  with  (loc&l  or  central)  RAM  memory  for  an  interactive  capa- 
bility was  also  considered. 

Given  the  complexity  of  a multiprojector  system  and  the  importance  of 
achieving  high  operational  availability,  the  central  minicomputer  and  disc  storage 
approach  is  an  obvious  choice.  The  cost  of  this  approach  is  expected  to  be  less  than 
5%  of  the  total  system,  and  the  versatility,  flexibility,  growth  capability,  and  con- 
venience of  use  render  this  an  extremely  cost-effective  approach. 

Features  of  the  System  - The  high  level  block  diagram  of  Figure  2‘»..  depicts 
overall  system  organization.  Correction  and  test  pattern  data  are  stored  on  <sc 


and  are  recalled  and  stored  in  the  correction  or  test  pattern  memory  of  the  selected 
projector  by  use  of  a common  data  bus.  Typically,  the  correcticm  RAMs  are 
loaded  automatically  when  the  projector  is  powered  on;  test  patterns  are  called 
up  selectively  (by  projector)  as  specified  by  the  maintenance  operator  at  the  remote 
control  panel.  "Hie  latter  communicates  with  the  minicomputer  over  the  same  I/O 
data  bus  which  drives  the  projector.  Several  panels  may  be  used  to  facilitate  ef- 
ficient maintenance.  The  panel  is  used  to  specify  test  patterns,  to  manipulate  a 
digitally  generated  cursor  symbol,  and  to  enter  cursor  position  data  which  are  then 
used  by  the  computer  to  generate  the  correction  data.  During  alignment  the  cor- 
rection data  points  entered  by  the  operator  are  smoothed  and  interpolated  by  the 
computer  program,  and  the  results  are  output  to  the  RAM  correction  memory  im- 
mediately to  provide  real-time  feedback  to  the  alignment  operator  of  the 
resiiltant  display  effect.  Computer  Interpolation  reduces  the  number  of  points 
to  be  entered  by  one  to  two  orders  of  magnitude. 

Given  this  basic  architecture,  a wide  variety  of  features  may  be  implement- 
ed, depending  on  availability  requirements,  personnel  skill  level  and  cost  constraints. 
On-line  fault  monitoring,  maintenance  record  keeping,  logging  operating  times,  auto- 
matic sequencing  of  maintenance  actions  and  degraded  operating  modes  are  some 
of  the  possible  features  which  can  easily  be  programmed  into  the  minicomputer- 
based  system.  Even  without  these  extra  features,  however,  this  basic  approach 
will  yield  an  easily  maintained,  high  availability  multi-projector  system. 
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2.  DESIGN  OF  THE  DISPLAY  LOGIC 


The  digital  logic  in  the  projector  performs  three  basic  functions:  1)  the  storage  and 
recall  of  deflection  correction  data;  2)  the  storage  of  test  patterns  called  up  from  the 
central  minicomputer,  and  3)  the  internal  generation  of  test  patterns. 

Storage  of  Correction  Data  - The  analysis  of  the  problems  in  achieving  the 
desired  channel-to-channel  color  registration  pointed  to  the  need  for  a means  of 
correcting  the  basic  raster  in  each  channel  to  1)  conform  to  a reference  pattern 
projected  on  the  screen,  and  2)  register  with  the  other  two  channels.  This  correc- 
tion is  best  implemented  with  a digital  memory  which  stores  the  amplitude  of  the 
deflection  correction  required  (See  Figure  25).  Although  the  raster  is  specified  as 
985  lines  of  1000  elements  per  line,  it  is  treated  as  a 1024  x 1024  raster.  Since  it 
is  both  impractical  and  unnecessary  to  store  a correction  value  for  all  one  million  s 

picture  elements  of  a 1024  x 1024  raster,  correction  values  will  be  stored  for 
points  of  intersection  of  a 32  x 32  XY  matrix  (crosshatch),  and  correction  values 
between  these  points  will  be  calculated  by  linearly  interpolating  (along  both  X and 
Y axes)  between  the  values  stored  for  the  nearest  four  points.  This  approach  will 
accurately  compensate  for  all  low  spatial  frequency  distortions  (distortions  in  lens , 

CRT,  yoke  and  fiber  optics)  and  will  only  fail  for  small,  very  localized  distortions 
such  as  might  be  caus^  by  shear  in  the  fiber  optic  plates.  The  procedure  for 
entering  the  required  corrections  is  discussed  in  Topic  7-7. 

Once  the  X and  Y correction  values  for  all  1024  points  of  a 32  x 32  matrix 
are  stored  in  RAM  correction  memory,  they  are  read  out  in  synchronism  with  the 
raster.  Thus  a new  value  is  called  up  every  time  the  raster  sweeps  by  one  of  the 
32  x 32  matrix  crossii^s.  These  values  are  stored  and,  along  with  values  stored 
for  the  nearest  lefl-and-up  matrix  crossings,  are  used  to  calculate  (by  interpolation) 
the  correction  values  for  points  between  matrix  crossings.  The  interpolation  is 
performed  with  both  hybrid  (digital  and  analog)  and  digital  techniques  along  the 
horizontal  axis,  and  digitally  along  the  vertical  axis.  The  interpolated  values  are 
then  converted  to  analog  and  mixed  with  the  X and  Y sweep  signals  and  other 
(analog)  correction  signals.  Six  bits  per  axis,  per  crossing  are  provided  to 
permit  a correction  range  for  ±1/32  (±3. 17%)  of  the  display  height.  Larger 
corrections  are  possible  by  increasing  the  number  of  bits  per  crossing. 

The  speed  with  which  new  correction  values  may  be  generated  permits  a 
real-time,  interactive  evaluation  by  the  operator  of  whether  the  correction  value 
entered  provides  the  desired  position  correction  on  the  displayed  image,  thus  pro- 
viding the  visual  feedback  on  the  alignment  procedure. 

Test  Pattern  Generation/Displav  - In  order  to  facilitate  the  performance 
of  verification  tests,  projector/system  alignment,  and  fault  isolation,  test  patterns 
are  generated  by  the  system.  The  patterns  are  selected  via  the  remote  panel  from 
either  those  stored  in  the  minicomputer  disc  memory  or  those  generated  by  the 
pattern  generator  function  within  each  projector.  The  test  pattern  memory  func- 
tions as  a 1 megabit  buffer  to  permit  call-up  of  a particular  pattern  from  the  pattern 
data  stored  on  the  minicomputer  disc  memory.  This  configuration  allows  a single 
stored  test  pattern  to  be  continuously  refreshed,  and  provides  a source  of  multiple 
test  patterns.  In  addition,  the  pattern  generator  with  each  projector  is  available 
to  provide  simple,  full  screen,  full  intensity,  color  patterns  such  as  checkerboard, 
registration,  and  resolution.  These  patterns  are  formed  by  simple  counter  techniques 
and,  since  they  are  local  to  the  projector,  provide  a clean,  fast  rise /fall  time  video 
for  focus  and  color  alignment.  The  two  test  pattern  video  outputs  are  reshaped, 
mixed  with  the  cursor  (when  selected),  and  aj^lied  to  the  video  amplifier.  This 
capability  also  represents  a means  of  simulating  a computer  image  generator  (CIG) 
input. 
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Figure  25.  Display  Logic  Block  Diagram.  Local  generation  of  test  patterns  and  refresh 
storage  of  disc-stored  test  patterns  provide  fast  rise/fall-time  video  signals  to  facilitate  align- 
ment. Easy  access  to  a wide  range  of  test  patterns  is  a significant  aid  to  performance  moni- 
toring, fault  isolation,  and  repair. 
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3.  REQUIREMENTS  AND  IMPLEMENTATION  OF  VIDEO  CHANNEL  AND  OTHER  CIRCUITS 

Horizontal  resolution  requirements  and  LCLV  transfer  characteristics  dictate  the  use 
of  compensated  video  channels  consisting  of  a gamma  compensation  circuit,  and  a high 
bandwidth  video  amplifier.  

The  requirements  for  the  video  channel  (see  Figure  26)  are  established  by 
the  1000-line  TV  interface,  as  well  as  the  transfer  characteristics  of  the  LCLV, 

The  1000-line  TV  requires  each  horizontal  element  to  be  25  nanoseconds  in  width. 

This  in  turn  requires  the  rise  and  fall  time  of  the  video  amplifier  to  be  significantly 
less  than  25  nanoseconds.  The  LCLV  also  has  a nonlinear  transfer  characteristic 
which  requires  a gamma  compensation  to  linearize  the  transfer  function  for  each 
color  video  channel  from  the  input  to  the  screen.  This  circuit  is  adjustable  in  order 
to  allow  trimming  the  compensation  for  the  particular  characteristic  of  each 
wavelength. 

As  shown  in  Figure  27,  a two-pole  video  channel  is  used  to  provide  the  30  MHz 
(3  dB)  bandwidth  required  to  meet  system  resolution  requirements  (see  Topic  5-5), 
and  to  meet  the  requirement  for  ±1  dB  © 20  MHz.  The  channel  provides  the  fast 
rise  and  fall  times  needed  for  sharp  CIG  imagery  presentation.  The  video  amplifier 
and  coupler  are  protected  from  any  arcing  which  might  occur  inside  the  CRT. 

Gamma  compensation  curves  are  different  for  each  color  channel  which 
requires  an  ability  to  trim  for  each  transfer  characteristic  in  order  to  achieve  color 
fidelity.  Horizontal  resolution  also  requires  that  the  gamma  compensation  ampl- 
ifier be  of  a high  bandwidth  current  steering  design.  If  the  video  from  the  CIG  is 
transmitted  in  digital  (as  opposed  to  analog)  form,  the  analog  gamma  compensation 
circuit  could  be  replaced  with  a ROM/PROM  look-up  memory  and  a digital-to-analog 
converter.  This  would  eliminate  the  gamma  compensation  circuit  as  a bandwidth 
limiting  device,  and  increase  horizontal  resolution.  Adaptation  of  a very  high  band- 
width (70  MI’z)  video  amplifier  from  the  Hughes  2000-line  television  system  could 
also  increase  horizontal  resolution. 

A single  20  kV  anode  supply  will  be  shared  by  the  CRTs,  with  current  limiting 
provided  in  each  channel.  The  load  regulation  of  the  supply  is  less  than  0.03  percent 
to  ensure  a geometrically  stable  output  image.  The  video  amplifier  and  coupler  supply 
the  voltages  required  for  CRT  bias.  Compact  power  supplies  will  provide  power  for 
the  video  amplifier  and  the  CRT  bias  circuits  in  the  coupler.  Note  that  the  20kV 
anode  voltage  is  a safe  value;  15kV  is  expected  to  be  sufficient  to  provide  the 
brightness  required  to  drive  the  LCLV, 

The  LCLV  bias  and  focus  current  supply  circuits  provide  the  ac  bias  volt- 
age across  the  LCLV  and  the  current  for  the  focus  coil,  respectively.  The  bias 
circuit  uses  a voltage-controlled  oscillator  to  generate  a 500  Hz  to  200  kHz  sine 
wave  which  is  amplified  to  a maximum  of  lOOV  peak-to-peak  differ'ential  output. 

The  voltage,  frequency  and  amplitude  are  individually  adjustable,  as  is  the  focus 
current. 
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4.  IMPLEMENTATION  OF  THE  DEFLECTION  SUBSYSTEM 


The  deflection  subsystem  generates  the  sweep  and  analog  correction  waveforms,  sums 
these  waveforms  with  digital  correction  signals  into  a composite  deflection  signal,  and 
deflects  the  beam  by  driving  a push-pull  yoke. 

The  deflection  subsystem  (Figure  28)  accepts  vertical  and  horizontal  synchro- 
nization pulses  as  the  inputs,  and  generates  the  magnetic  field(s)  to  move  the  CRT 
beam(s)  to  paint  a 1000-line  TV  raster.  To  accomplish  this  requires  generating  com- 
mon X and  Y sweep  signals,  developing  analog  correction  signals  for  each  channel 
and  summing  these  with  digital  correction  signals,  and  driving  the  three  yokes. 

The  sweep  generator  accepts  the  horizontal  and  vertical  synchronization 
pulses  from  either  the  CIG  or  an  internal  source  and  generates  synchronized  linear 
ramps.  The  horizontal  sweep  is  a 30.69  kHz  ramp,  while  the  vertical  sweep  is  a 
60  Hz  ramp.  The  sweep  signals  are  sent  to  each  color  channel  deflection  amplifier 
as  well  as  to  the  orthogonality  and  linearity  correction  circuits.  X and  Y centering 
are  accomplished  by  offsetting  the  sweep  signals.  4 

Rotational  and  orthogonality  correction  signals  are  developed  on  a single 
circuit  card  by  feeding  the  differential  sweep  signals  into  a phase  splitter,  using 
a potentiometer  to  pick  off  a correction  signal,  and  feeding  it  into  the  opposite 
sweep  channel.  Each  color  channel  receives  separately  adjustable  orthogonality 
correction  signals  as  well  as  common  rotation  signals.  Thus  a portion  of  this  card 
is  shared  by  the  three  deflection  channels. 

Linearity  correction  signals  are  also  developed  from  the  sweep  signals. 

This  is  done  by  feeding  the  sweep  signals  into  a phase  splitter,  using  a potentiometer 
to  pick  off  a correction  signal,  amplifying  the  signal  by  a nonlinear  amplifier,  and 
feeding  the  signal  into  the  same  sweep  channel.  Each  color  channel  receives  line- 
arity correction  sigpials  which  are  separately  adjustable  for  both  amplitude  and  shape. 

The  correction  signals  for  the  fiber  optics,  CRT,  and  LCLV  in  each  color 
channel  are  random  in  nature  and  have  no  correlation  between  channels.  They  there- 
fore cannot  be  generated  from  the  sweep  signals.  Instead,  digital  corrections  are 
received  from  the  correction  memory  discussed  previously.  Each  sweep  channel 
of  each  color  receives  a unique  digital  signal,  converts  this  signal  to  an  analog  volt- 
age, and  mixes  the  analog  correction  signal  with  the  main  deflection  and  other  cor- 
rection signals.  Note  that  rotational/orthogonality  correction  and  linearity  correc- 
tion provide  only  gross  correction,  with  the  correction  memory  compensating  for 
any  residual  errors. 

Although  an  all-digital  correction  technique  could  be  used  to  correct  for 
all  distortion,  an  analog  plus  digital  technique  was  selected  because,  1)  system  align- 
ment (and  realignments)  is  simplified  by  providing  gross  analog  corrections  and  2)  be- 
cause it  minimizes  the  residual  errors  due  to  the  linear  interpolation  between  cor- 
rection sample  points.  However,  an  all-digital  correction  system  may  be  entirely, 
feasible,  and  deserves  further  attention  in  view  of  the  number  of  analog  circuits 
(and  adjustments)  which  would  be  eliminated. 

The  deflection  amplifier  sums  the  sweep  and  correction  signals,  provides 
sensitivity  adjustment  for  each  channel,  and  has  channel  centering  controls  for  color 
alignment.  Should  raster  distortion  be  required,  the  sweep  and  correction  signals 
could  be  summed  at  this  point.  The  deflection  amplifier  contains  both  the  horizontal 
and  vertical  amplifiers  in  one  package.  The  amplifiers  can  drive  a f ush-pull  yoke 
capable  of  350  of  deflection  at  20  kV  anode  potential.  The  push-pull  feature  re-  | 

quires  only  one  positive-voltage  high  current  supply  to  drive  the  yoke.  A chopper 
stabilizing  amplifier  incorporated  in  a correction  loop  around  the  deflection  amplifier 
reduces  the  offset  drift  to  less  than  0.02  percent  (equivalent  to  1 1/2  line  width) 
between  channels.  Gain  stabilization  circuitry  is  incorporated  to  hold  amplifier 
gain  accurate  to  0.01%. 
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Section  6 - Baseline  Design  Description 
Subsection  B - Projector  Electronics  Subsystem 

5.  DESCRIPTION  OF  THE  HIGH-RESOLUTION  FIBER  OPTIC  CRT 


The  CRT  is  a variation  of  a 2-inch-diameter,  high  resolution,  magnetic-deflection/ 
magnetic-focus,  fiber  optic  faceplate  CRT  used  in  the  HDP-800  projector.  Ruggedized 
construction  and  low  drive  power  requirements  make  the  unit  ideally  suited  for  opera- 
tion on  a motion  platform. 

The  selection  of  the  CRT  is  a critical  decision.  The  total  performance  of 
the  image  generator  - the  CRT/LCLV  combination  - can  be  limited  by  either  the 
CRT  or  the  LCLV.  In  each  element  there  are  several  tradeoffs.  In  the  CRT,  bright- 
ness must  be  balanced  against  resolution  and  circuit  complexity.  In  the  light  valve, 
sensitivity  (which  determines  the  brightness  required  to  drive  it)  can  be  traded 
against  speed  of  response  and  light  efficiency. 

Based  on  the  drive  requirements  of  the  fast  response  LCLV,  the  CRT  re- 
quirements are  established  as  follows.  Spot  size  @50%  must  be  1. 1 mils  at  the 
center,  and  1. 42  mils  at  the  edge  to  meet  overall  system  resolution  (see  results  of 
System  Tradeoffs,  Topic  5-5).  A brightness  of  200  fO'Jtla.mberts  is  required  with 
a 1000-line  raster  1.6-inch  square,  corresponding  to  a writing  rate  of  64,000  inches/ 
second.  Distortion  of  the  image  due  to  the  CRT  for  whatever  reason  (keystoning 
due  to  gun  misalignment,  pincushioning  caused  by  curved-to-flat  transformation 
of  the  image,  yoke  non-orthogonality  and  nonuniformity,  and  distortions  due  to  the 
fiber-optic  faceplate)  should  be  minimized  to  simplify  compensation  with  electronic 
techniques.  The  faceplate  must  be  optically  flat  to  make  good  optical  contact  with 
the  LCLV.  A means  of  mounting  the  LCLV  to  the  faceplate  must  be  provided.  The 
CRT  assembly  should  be  ruggedized  to  withstand  the  motion  platform  operating 
environment  without  the  need  for  realignment.  * 

The  recommended  CRT  assembly  is  a variation  of  the  improved  type  used  in 
the  HDP-800  projector.  This  is  a 2-inch-diameter,  high  resolution,  magnetic- 
deflection/magnetic  focus,  fiber  optic  faceplate  CRT  (see  Figure  29).  Suitably 
equivalent  CRT  assemblies  can  be  obtained  from  several  vendors. 

The  recommended  CRT  will  operate  up  to  20  kV,  and  have  a larger  neck  than 
that  currently  used.  The  CRT  assembly  and  a prealigned  yoke  and  focus  coil  are 
potted  inside  of  the  magnetic  shield  assembly,  providing  a very  compact,  rugged 
assembly.  The  CRT  uses  a PI  phosphor  whose  persistence  and  spectral  response 
match  that  of  the  LCLV  photoconductor.  With  a 1,5  kV  anode  voltage,  the  CRT  is 
expected  to  be  capable  of  drawing  a raster  line  in  excess  of  200  fL  peak  brightness 
while  maintaining  a spot  diameter  of  less  than  1. 1 mils  at  the  50  percent  point  at 
a 30-Hz  refresh  rate  and  a writing  rate  of  64,000  inches  per  second. 

Pincushioning  and  defocusing  problems  can  be  solved  in  a number  of  ways. 

In  general  these  effects  are  minimized  by  using  the  small  deflection  angle  (35®). 

The  pincushioning  is  eliminated  by  using  a fiber  optic  faceplate  which  has  an  inside 
radius  equal  to  the  radius  of  deflection  and  by  summing  a correction  signal  into 
the  deflection  channel.  The  defocusing  problem  (which  is  caused  by  focusing  action 
of  the  deflection  yoke  magnetic  field)  will  require  either  dynamic  focusing  correc- 
tion, or  a fiber  optic  faceplate  ground  such  that  the  inside  surface  corresponds 
to  the  crossover  image  position  in  the  static  focus  condition.  This  surface  does 
not  correspond  to  the  geometry  required  to  .match  the  radius  of  deflection,  present- 
ing a tradeoff  which  will  be  made  during  final  design.  The  outer  surface  of  this 
fiber  optic  faceplate  is  held  flat  to  2 pm  to  avoid  loss  of  resolution  at  the  interface 
to  the  fiber  optics  of  the  LCLV. 

The  larger  CRT  neck  size  and  a high  quality,  large  radius  focus  coil  will  mini- 
mize aberrations  due  to  beam  bundle  size  and  achieve  the  required  spot  size.  The 
deflection  yoke  will  be  carefully  designed  to  minimize  deflection  astigmatism. 
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TABLE  19 


RECOMMENDED  CRT  FEATURES 


Benefit 


Feature 


Large  (1-7/16)  neck  with 
large  aperture  magnetics 


Reduces  focus  coil 
aberration 


Reduces  deflection 
defocusing 


Permits  higher  anode 
voltage  (minimizes  arc- 
over  problem) 


Curvature  of  fiber  optic  face 
plate  optimized  for  focus 


Minimizes/eliminates  need 
for  dynamic  focus 
programming 


Increased  screen  voltage 


Increased  brightness/ 
resolution 


Figure  29.  H-1345  API  CRT  Assembly  Used  in 
HDP-800.  Assembly  includes  shield,  yoke,  focus 
coil  and  CRT,  potted  to  yield  a ruggedized  pack- 
age. Recommended  CRT  will  use  larger  diameter 
electron  gun  and  magnetics. 


Section  6 - Baseline  Design  Description 
Subsection  C - Projector  Optics  Subsystem 

1.  OVERVIEW  OF  THE  OPTICS  SUBSYSTEM 


The  major  features  of  Hughes'  optics  subsystem  are  an  efficient  light  collection  system 
to  collimate  and  homogenize  the  light,  a highly  efficient  polarizing  system,  relay  optics 
to  allow  the  insertion  of  dichrolc  beamsplitting  plates,  and  a 13-element,  telecentric, 
90-degree  projection  lens. 

The  function  of  the  optics  subsystem  is  to  provide  illumination  for  the  LCLVs 
and  to  collect  and  image  the  polarized  light  on  the  projection  screen.  The  specifica- 
tion requirement  for  480  fL  brightness  for  additive  white  at  the  input  to  the  Farrand 
pancake  window  was  used  to  develop  the  optical  system  and  optics  subsystem. 

Figure  30  diagrams  the  overall  optics  subsystem.  The  optics  subsystem  con- 
sists of  the  illumination  group,  dichroic/LCLV  group  and  projection  optics  group. 
Efficiencies  of  the  individual  groups  are  listed  on  the  figure  and  can  be  multiplied 
to  yield  an  overall  system  efficiency  of  0. 64  percent.  The  1. 6 kW  xenon  lamp  mociile 
generates  39,000  lumens  when  new.  This  output  decreases  approximately  10  percent 
in  the  first  100  hours  of  operation  to  35,400  lumens.  Using  this  number  for  calcula- 
tion and  a 22  percent  efficiency  figure  for  the  illumination  group  produces  7,788 
lumens  to  the  light  valve/dichroic  group.  The  overall  efficiency  of  this  group  is 
5 percent.  This  efficiency  passes  389  lumens  to  the  projection  optics  group.  Since 
the  efficiency  of  the  projection  optics  group  with  H.E.A  coatings  is  59  percent, 
a total  of  226  lumens  are  delivered  to  the  projection  screen.  Projected  on  the 
6.  75  ft^  8-gain  screen,  this  will  yield  the  required  brightness  to  the  pilot. 

The  illumination  group  consists  of  a prefocused,  potted,  1.6  kW  xenon  lamp 
module,  a collection  system  based  on  solar  simulator  design,  and  a relay  system. 

The  lamp  intensity  can  be  adjusted  over  a wide  range  to  permit  the  matching  of 
edge  intensities  between  adjacent  channels.  A new  longer  focal  length  reflector 
is  presently  being  designed  for  the  lamp  which  may  allow  removal  of  the  relay  optics 
in  this  group.  This  would  increase  the  efficiency  of  this  group  from  22  percent  to 
29  percent. 

The  dichroic/LCLV  group  contains  the  polarizing  prism,  dichroic  beam- 
splitters and  compensation  plates,  and  the  liquid  crystal  light  valve  (LCLV).  The 
polarizing  prism  is  made  of  fused  silica  to  withstand  the  intense  light  energy  passing 
through  it.  It  splits  the  incident  light  beam  from  the  illumination  group  into  two 
beams  of  light.  The  beam  polarized  into  the  parallel  component,  P,  passes  straight 
through  the  prism  while  the  other  beam  which  is  polarized  perpendicularly,  S,  is 
reflected  into  the  dichroic  mirrors.  There  the  S beam  is  further  split  into  three 
beams  - one  centered  at  465  nm,  one  at  540  nm  and  one  at  612  nm.  The  compen- 
sating plates  in  each  channel  adjust  the  total  thickness  of  glass  each  beam  must 
pass  through.  This  thickness  must  be  the  same  in  all  channels  to  allow  the  correc- 
tion plates  in  the  projection  group  to  remove  the  astigmatism  introduced  by  this 
glass.  As  the  light  is  reflected  from  each  individual  light  valve,  some  or  all  of  S 
is  rotated  into  P,  depending  on  the  degree  of  light  valve  modulation.  The  reflected 
S and  P light  from  the  three  LCLVs  is  recombined  by  the  dichroic  mirrors  and  is 
analyzed  by  the  polarizing  prism.  The  S polarization  is  reflected  to  the  illumination 
group  and  the  P polarization  passes  through  the  prism  to  the  projection  lens  group 
where  It  Is  imaged  on  the  projection  screen. 

The  challenging  projection  optics  design  study  was  subcontracted  to  KoU- 
morgen  Corporation's  Electro-Optical  Division.  The  primary  component  of  the  pro- 
jection group  is  a complex,  13-element,  telecentric  projection  lens  which  was  de- 
signed to  take  the  flat  image  at  the  LCLV  and  project  it  onto  a spherical  projection 
screen,  with  all  principal  rays  normal  to  that  surface.  This  projection  lens  was 
specifically  designed  for  this  application  of  the  liquid  crystal  light  valve  technology. 
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To  solve  the  dilemma  of  the  long  back  focal  length  to  effective  focal  length  ratio, 
a teleeentpic  optical  relay  system  is  required  to  interface  this  unique  projection 
lens  with  the  dichroic/LCLV  group.  The  relay  optics  "stretch"  the  back  focal 
lei^th  of  the  projection  lens  so  that  there  is  room  to  insert  the  dichroic  beam  splitter 
mirrors.  Although  the  required  relay  optics  lengthen  the  overall  optical  path,  the 
use  of  a folding  Porro  prism  allows  the  lens  system  to  be  folded  into  a package  of 
reasonable  dimensions.  The  projection  optics  are  supplied  mounted  on  an  optical 
plate,  prealigned,  and  are  installed  as  an  integral  assembly. 

The  initial  P beam  passing  through  the  polarizing  prism  con  be  used  to  pro- 
ject a reference  alignment  slide  on  the  screen.  The  reference  slide  assembly  con- 
sists of  a quarter-wave  plate,  the  slide,  and  a first  surface  mirror.  The  incident 
P beam  is  changed  to  circular  polarized  light  by  the  quarter-wave  plate,  and  is  then 
density  modulated  by  the  slide.  When  the  light  is  reflected  from  the  mirror,  it  under- 
goes a phase  reversal.  When  this  light  passes  back  through  the  quarter-wave  plate, 
it  emerges  as  S polarization.  This  light  is  now  reflected  by  the  polarizing  prism 
and  is  imaged  on  the  screen  by  the  optical  system.  The  depolarizing  action  of  the 
screen  will  generate  a P-polarized  image  of  sufficient  intensity  to  provide  a bright 
background  reference  pattern.  Mechanical  means  of  adjusting  the  X/Y/Z  position 
of  the  slide  and  its  orientation  will  be  provided.  The  crosshatch  test  pattern  pro- 
jected by  this  slide  on  the  screen  is  used  to  align  adjacent  projections  to  each  other 
to  minimize  interwindow  discontinuities. 
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Figure  30.  Optics  Subsystem.  Careful  optimization  of  the  illumination  optics,  the  dichroics 
and  projection  optics  coupled  with  a high  gain  screen  of  low  depolarization  provide  the 
desired  brightness  to  the  pilot  through  the  pancake  window. 
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Section  6 - Baseline  Design  Description 
Subsection  C - Projector  Optics  Subsystem 

2.  DESCRIPTION  AND  OPERATION  OF  THE  LIQUID  CRYSTAL  LIGHT  VALVE 


The  Hughes -developed  liquid  crystal  light  valve  is  a unique  light  amplification  device 
which  together  with  the  other  optical  and  electronic  elements  provides  a high  bright- 
ness, high  resolution  projector  system. 


The  hybrid  field  effect  type  photoactivated  liquid  crystal  light  valve  has 
been  developed  to  its  present  state  by  the  Hughes  Research  Laboratories  in  a series 
of  IR&D  and  funded  efforts  over  the  last  several  years.  Research  and  development 
is  continuing  on  new  devices  using  similar  technology,  on  improvements  to  the 
existing  LCLV,  and  on  applications  of  the  devices.  Hughes  Research  Laboratories 
developed  the  twisted  nematic  liquid  crystal  used  in  the  LCLV. 

The  construction  of  a typical  birefringent  LCLV  involves  multiple  layers  of 
materials  built  up  by  thin  film  deposition  techniques.  These  layers  may  be  illus- 
trated by  considering  a cross  section  of  a small  portion  of  the  LCLV  as  shown  in 
Figure  31.  Except  for  the  thick  glass  supporting  structure,  the  thickness  of  the 
various  layers  is  very  small  compared  to  the  other  dimensions  of  the  LCLV.  The 
LCLV  is  insensitive  to  shock  and  vibration  because  of  the  extreme  thinness  of  the 
liquid  crystal  layer  and  because  of  the  strength  of  the  0. 5 inch-thick  glass  support 
layer. 

The  LCLV  field  effect  mechanism  is  illustrated  in  Figure  32.  The  principle 
of  operation  of  the  LCLV  cell  is  best  described  by  considering  the  cell  simply  as 
a CdS  photoconductive  layer  and  a liquid  crystal  layer  of  small  thickness  sandwiched 
between  two  transparent  conductive  surfaces.  With  the  photoconductor  unexposed, 
the  AC  voltage  applied  to  the  two  transparent  conductive  surfaces  appears  directly 
across  the  photoconductive  layer,  leaving  the  liquid  crystal  in  its  normal  clear 
state.  When  the  photoconductor  is  activated  by  Ught,  Its  Impedance  drops,  and  the 
AC  voltage  is  applied  across  the  liquid  crystal  layer,  converting  the  input  visual 
image  into  a voltage  image  across  the  liquid  crystal,  and  thus  into  a polarizing 
image  in  the  liquid  crystal. 

To  permit  display  of  the  liquid  crystal  image,  a dielectric  mirror  is 
located  behind  the  liquid  crystal  layer.  The  light  valve  is  illuminated  with  polar- 
ized projection  light  which  passes  through  the  liquid  crystal  layer,  is  reflected 
by  the  mirror,  and  passes  through  the  liquid  crystal  a second  time.  To  prevent 
the  polarized  projection  light  from  exciting  the  photoconductive  layer,  an  opaque, 
light-blocking  layer  is  inserted  between  the  dielectric  mirror  and  the  photocon- 
ductive layer.  A polarizer  (MacNeille  prism)  external  to  the  LCLV  selects  the 
polarized  image  light  for  projection. 

Additional  inform^ion  on  the  LCLV  construction  and  operation  is  provided 
in  the  AFHRL-TR-77-33(II)  (limited  distribution)  addendum. 
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Figure  31.  LCLV  Cell  Construction.  A cross  section  of  a small  portion  of  a LCLV  cell  show 
the  multiple  layers  of  materials  built  up  by  thin  film  deposition  techniques. 
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Figure  32.  LCLV  Field  Effect  Mechanism.  The  incident  writing  light  varies  the  electric  field 
which  controls  the  degree  of  tilt  and  the  polarizing  effect  on  the  projection  light. 


Section  6 - Baseline  Design  Description 
Subsection  C - Projector  Optics  Subsystem 

3.  CHARACTERJSTCS  OF  THE  ILLUMINATION  SUBSYSTEM 


The  illumination  subsystem  provides  a uniform  collimated  light  beam  of  7800  lumens 
to  the  polarizing  prism.  This  is  implemented  by  a 1.6  kW  prefocused  xenon  arc  lamp 
module  and  an  illumination  relay  optical  system. 

The  illumination  subsystem  consists  of  a prealigned  xenon  arc  lamp  module 
and  an  illumination  relay  optical  system.  Figure  33  is  a diagram  of  the  sub- 
system. Overall  efficiency  from  the  lamp  to  the  polarizing  prism  is  22  per- 
cent; that  is,  22  percent  of  the  light  generated  by  the  arc  is  collected,  collimated, 
and  transferred  to  the  polarizing  prism. 

The  lamp  module  consists  of  a 1.6  kW  short  arc  xenon  lamp  and  an  elliptical 
reflector.  This  is  a prealigned  potted  module  where  the  lamp  is  adjusted  to  the 
mirror  focus  and  then  potted  in  place.  The  lamp  module  then  becomes  a field  re- 
placeable unit  with  no  replacement  adjustments.  The  lamp  produces  39,000  lumens 
when  new.  Preli  minary  laboratory  measurements  indicate  a loss  of  10  percent  of  light 
output  in  the  first  100  hours  of  operation  (35,400  lumens),  with  a straight-line  loss 
of  50  lumens  per  100  hours.  End  of  life  is  specified  as  27000  lumens  with  a guarantee 
of  1500  hours.  Lamp  module  cost  on  a replacement  basis  will  be  less  than  $800. 

The  elliptical  reflector  collects  approximately  78  percent  of  the  light  gen- 
erated by  the  arc  lamp.  Ml  is  a cold  mirror  which  passes  approximately  90  percent 
of  the  IR  radiation  in  the  beam  to  a dissipator  block  and  reflects  90  percent  of  the 
visible  light.  The  aperture  assembly  contains  a blocking  aperture  which  passes  the 
light  rays  only  within  an  f/8.0  cone  and  a field  lens  to  direct  the  light  rays  into  the 
condenser  lens.  The  assembly  also  contains  a hot  mirror  to  reflect  the  remaining 
IR  energy  back  to  the  light  source.  The  overall  efficiency  of  the  aperture  assembly 
is  45  percent.  The  condenser  lens  collects  the  light  rays  passed  by  the  aperture 
assembly  and  directs  a collimated  beam  into  the  optical  relay  system.  This  lens 
will  be  anti-reflective  coated  and  will  be  95  percent  efficient.  The  overall  collection 
efficiency  of  the  subsystem  to  this  point  is  30  percent.  The  design  of  the  collection 
system  is  based  on  design  equations  derived  for  solar  simulators  and  has  been  se- 
lected to  provide  a very  uniform  illumination  of  the  LCLVs.  The  selected  design 
approach  permits  the  use  of  a coaxial  lamp  and  reflector  with  its  inherent  efficiency 
and  small  size. 

Due  to  the  physical  separation  of  the  light  valves  and  the  polarizing  prism, 
a relay  optical  system  is  necessary  to  properly  illuminate  the  light  valves.  M2  and 
M3  are  necessary  to  fit  the  illumination  subsystem  into  a compact  package.  The 
relay  system  has  an  efficiency  of  80  percent  by  using  enhanced  reflectivity  mirrors 
and  anti-reflection  coatings  on  the  lenses.  These  features  yield  an  overall  efficiency 
of  22  percent,  thereby  delivering  7800  lumens  to  the  light  valve/dichroic  group. 

The  lamp  module  is  currently  undergoing  development  on  IR&D  funding, 
and  the  focal  lei^th  of  the  elliptical  mirror  has  not  been  finalized.  Since  the  focal 
lei^th  of  the  mirror  is  the  governing  factor  of  the  focal  length  of  all  lenses  follow- 
ing, it  is  possible  that  the  focal  length  of  the  condenser  lens  will  be  long  enough 
that  the  relay  system  will  not  be  needeo.  If  this  does  happen,  the  collection  effi- 
ciency will  be  increased  from  22  to  29  percent,  with  a proportional  increase  in  pro- 
jector light  output  permitting  either  a brighter  or  larger  display. 
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Figure  33.  Illumination  Subsystem.  The  highly  efficient  collection  system  uses  techniques 
developed  for  solar  simulators  to  provide  7800  lumens  in  a collimated,  uniform  brightness 
light  beam  to  the  polarizing  prism. 


Section  6 - Baseline  Design  Description 
Subsection  C - Projector  Optics  Subsystem 

4.  DESCRIPTION  OF  THE  POLARIZING  BEAMSPLITTER  AND  DICHROICS 


The  optical  subsystem  achieves  high  efficiency  through  the  use  of  a MacNeille  biprism 
acting  as  the  polarizer/analyzer  and  beamsplitter.  The  purity  of  the  color  spectrum 
obtainable  is  controlled  by  the  spectral  characteristics  of  the  dichroic  and  trimming 
filters. 

Maclfeille  Biprism  - As  discussed  previously,  the  liquid  crystal  material 
used  in  the  LclV  operates  on  a hybrid-field  effect  principle  which  requires  that 
the  field  image  be  viewed  with  polarized  light.  A second  requirement  is  that  the 
illuminatir^  light  be  well  collimated  (<2  degrees).  Investigations  have  proven  that 
these  requirements  are  best  satisfied  by  the  use  of  a MacNeille  biprism  type  of 
polarizer. 

The  proposed  MacNeille  biprism  is  a fused  silica  polarizing  beamsplitter. 

The  top  and  bottom  surfaces  of  the  biprism  are  hexagons  and  the  faces  are  rectan- 
gles. The  biprism  is  produced  by  cutting  a hexagonal  block  of  fused  silica  along 
the  line  formed  by  two  opposite  vertices  of  the  hexagonal  surface.  Multilayer  thin 
film  stacks  are  then  deposited  onto  one  of  the  new  surfaces,  and  the  biprism  is  ce- 
mented together.  The  dielectric  thin  films  are  chosen  such  that  there  is  a different 
refractive  index  for  the  perpendicular  (S)  and  parallel  (P)  polarization  components 
of  light  striking  the  thin  film  multilayer.  The  indices  of  refraction  are  chosen  to 
make  the  prism  split  an  incoming  beam  of  unpolarized  light  into  two  equal  but  di- 
verging beams  of  opposite  polarization.  The  polarization  ratio  (S  polarized  light 
in  P beam)  of  the  biprism  depends  on  the  degree  of  collimation  of  the  incident  light 
beam.  The  < 2-degree  requirement  of  the  LCLV  permits  realization  of  very  high 
polarization  ratios  (greater  than  150  to  1). 

The  choice  of  the  MacNeille  biprism  was  determined  by  the  high  efficiency 
and  wide  spectral  bandwidth  attainable  with  this  type  of  polarizer.  The  bandwidth 
extends  from  400  nanometers  to  700  nanometers,  thereby  covering  the  visual  band. 
The  efficiency  of  the  biprism  is  very  high  compared  to  the  combination  of  a separate 
polarizer,  beamsplitter,  and  analyzer.  The  P transmission  is  close  to  100  percent 
and  the  S reflection  approaches  95  percent.  The  overall  efficiency  of  the  biprism 
in  the  optical  system  approaches  45  percent.  The  separate  system  of  polarizer  and 
beamsplitter  would  achieve  an  efficiency  of  only  about  8 percent. 

Additional  investigation  and  development  of  the  MacNeille  prism  is  being 
accomplished  to  resolve  possible  difficulties  in  achieving  the  size  and  optical 
characteristics  required. 

Dichrolcs  - The  S-polarized  light  reflected  by  the  biprism  is  directed  to 
the  first  dichroic  filter,  which  reflects  the  blue  light  to  the  LCLV  in  the  blue 
channel  and  transmits  red  and  green  light.  The  red  portion  of  the  transmitted 
red  and  green  light  is  reflected  to  the  LCLV'  in  the  r^  channel  and  the  green 
light  is  transmitted  to  the  LCLV  in  the  green  channel  by  the  cyan  dichroic. 

In  the  areas  of  the  liquid  crystal  material  where  there  is  no  field  image, 
the  S polarized  light  is  rotated  through  45"  by  the  liquid  crystal,  but  upon  reflec- 
tion from  the  dielectric  mirror  as  light  passes  through  the  liquid  crystal  a second 
time  the  polarization  is  rotated  back  to  ^e  direction  of  the  incident  light  and  is 
then  returned  to  the  biprism.  Here  the  thin  film  polarizing  layer  reflects  this 
light  into  the  illumination  system.  Hence  no  light  passes  through  the  prism  to  the 
lens  and  the  screen  is  dark.  This  same  effect  takes  place  in  all  three  channels. 
However,  in  those  areas  of  the  liquid  crystals  where  a field  image  exists,  the 
liquid  cry'sta)  molecules  which  are  usually  oriented  such  that  their  long  axes  are 
parallel  to  the  electrode  surfaces,  begin  to  tilt  to  a perpendicular  position.  he 
amount  of  tilt  is  proportional  to  the  field  strength  or  the  intensity  of  the  imagt 


It  is  in  this  orientation,  between  parallel  and  perpendicular,  that  the  optical  bi- 
refringence of  the  molecules  affects  the  polarization  of  light  such  that  the  light 
emerging  from  the  LCLV  after  reflection  from  the  dielectric  mirror  is  partiallj’ 
of  the  other  axis  of  polarization  (P  state  of  polarization)  in  those  localized  areas 
where  the  image  exists.  When  this  light  reaches  the  biprism,  the  P polarized 
part  of  the  light  is  transmitted  by  the  biprism  and  the  projection  lens  images  the 
light  on  the  screen.  Since  the  projected  image  is  polariz^  - except  for  some 
(5  percent)  depolarization  by  the  screen  - approximately  95  percent  of  the  light 
incident  upon  the  first  polarizer  in  the  pancake  window  is  passed  to  form  an 
image  to  the  pilot.  In  contrast,  more  than  50  percent  of  the  projected  image's 
intensity  would  be  lost  at  the  first  polarizer  if  a conventional  system  with  an 
unpolarized  projected  image  were  used. 

As  shown  in  Figure  34,  dichroic  filters  are  used  to  separate  the  polarized 
illumination  beam  into  three  primary  colors,  which  then  illuminate  the  light 
valves  (see  Topic  4-6  for  explanation  of  dichroics  operation).  Trim  filters  will 
be  used  in  the  green  and  red  channels  to  balance  them  gainst  the  blue  channel 
for  a good  illuminant  C white  when  all  channels  are  added.  However,  the 
baseline  projector  will  not  use  a trim  filter  in  the  blue  channel  since  the  trim 
filters  are  relatively  inefficient  with  a peak  transmission  of  approximately 
75  percent  and  since  a light  valve  tuned  for  the  blue  region  of  the  visible  spectrum 
tends  to  be  less  efficient  than  light  values  timed  for  the  green  and  red  regions. 

The  dichroics,  trimming  filters,  and  second  surface  mirrors  will  be 
mounted  on  a single  plate  and  will  be  factory  prealigned  to  facilitate  installation 
onto  the  projector  baseplate. 


GREEN  TRIMMING  FILTER 


RED  TRIMMING  FILTER 


Figure  34.  Bcanisplitier/Dicliruic  Filter  Arrangement.  Each  LCLV  is  illuminated  in  a different  S 
polarized  primary  color  by  dichroic  mirrors  which  separate  the  illumination  light  into  the  three 
primary  colors. 
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5.  DESIGN  OF  THE  PROJECTION  OPTICS  GROUP 


Projecting  the  LCLV  image  on  a 24-lnch-radius  curved  screen  with  unique  mapping  char- 
acteristics at  high  resolution  and  low  light  falloff  is  a significant  technical  challenge.  A 
9-month  design  study  by  Kollmorgen  defined  a projection  optics  group  that  will  deliver 
the  desired  performance.  

The  proposed  projection  optics  system  is  shown  in  Figure  33.  It 
consists  of  a telecentric  relay  lens  system,  a folding  Porro  prism,  compensating 
plates,  a right-angle  prism,  and  a complex  projection  lens. 

Relay  Lens  System  - The  projection  lens  is  basically  an  inverted  telephoto 
type  due  to  toe  requirement  for  a long  back  focal  length  to  accommodate  the 
polarizing  prism,  dichroic  plates,  and  light  valves.  Because  of  the  long  back  focal 
length  to  effective  focal  length  ratio  of  this  scheme,  a 1:1  relay  system  is  used  to 
transfer  the  LCLV  images  to  the  focal  plane  of  the  projection  lens.  The  need  for 
high  resolution  and  high  efficiency  dictate  the  use  of  an  apochromatic  relay  and 
HEA  coating  on  all  lens  surfaces,  respectively. 

Folding  Prisms  - Because  the  relay  system  is  quite  long  - approximately 
four  times  the  effective  focal  length  of  400  mm,  two  folding  prisms  are  used  to 
reduce  the  overall  space  requirements.  The  first,  a Porro  prism,  provides  a 180- 
degree  bend  without  image  reversal;  while  the  second,  a 90-degree  prism,  provides 
the  final  bend  to  the  projection  lens  which  is  perpendicular  to  the  rest  of  the  optical 
plane.  Tbe  use  of  the  Porro  prism  folds  over  the  required  path  to  reduce  its 
length  by  half. 

Compensating  Plates  - Compensating  plates  are  placed  between  the  relay 
optics  and  the  right-a^le  prism  to  eliminate  the  astigmatism  introduced  by  the 
two  dichroic  beamsplitting  plates.  Some  coma  and  lateral  color  are  introduced  by 
the  plates,  but  their  magnitude  is  so  small  that  performance  is  essentially  unaffected. 

Projection  Lens  - The  projection  lens  is  a complex,  13-element,  telecentric 
projection  lens  with  a magnification  of  19.8  to  1.  This  projection  lens  has  unique 
mapping  characteristics,  since  it  must  take  a flat  image  at  the  light  valve  plane 
and  map  it  linearly  onto  a plate  tangent  to  the  spherical  projection  screen,  yet  form 
an  image  on  the  spherical  projection  screen  itself  with  all  principal  rays  normal 
to  that  surface. 

Performance  - nie  performance  highlights  of  the  lens  are  briefly  summa- 
rized. In  general,  the  projection  lens  has  impressive  performance.  Worst  case 
residual  distortion  of  the  lens  is  0.  5 percent.  With  the  aid  of  apochromatic  relays 
(which  reduce  residual  secondary  color  by  a factor  of  4 over  ordinary  lenses), 
resolution  is  nearly  diffraction  limited  to  produce  an  MTF  of  0,  7 at  30  Ip/mm 
over  the  full  screen.  Using  HEA  coated  glass  the  lens  efficiency  is  59  percent 
while  veiling  glare  is  held  to  less  than  0.  5 percent. 

Mechanical  Features  - The  relay  lens  system,  the  folding  prisms,  the  com- 
pensating  plates  and  the  projection  optics  are  all  mounted  on  a common  optical 
plate  (as  shown  in  Figure  35)  which  is  prealigned,  and  is  installed  in  the  ;^ro- 
jector  as  an  integral  assembly.  Overall  dimensions  of  the  assembly  are  27. 5"  x 
10"  x 6".  A removable  dust  cover  is  provided  to  facilitate  servicing  (which 
should  be  required  very  infrequently). 

Means  of  initially  aligning  the  projection  optics  assembly  are  provided. 

The  optical  axis  of  the  system  must  be  lined  up  with  the  prism  and  the  LCLVs;  once 
installed,  aligned  and  pinned  (to  provide  secure,  shock-free  operation)  it  will  require 
no  further  servicing  unless  an  optical  element  is  replaced. 
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6.  DESIGN  OF  CURVED  PROJECTION  SCREEN 


The  recommended  approach  to  the  projection  screen  is  to  apply  a screen  material  with 
a gain  of  8 to  a lightweight,  1/4-inch-thick  acrylic  base,  ITie  acrj’lic  base  is  form- 
ed into  a segment  of  the  surface  of  a 24-inch-radius  sphere  having  a*36-inch  chordal 
diameter. 

Since  the  input  to  the  Farrand  pancake  window  must  be  a real  image,  a rear 
projection  screen  is  required  to  interface  the  LCLV  projector  with  the  pancake  win- 
dow. The  projection  screen  essentially  replaces  the  CRT  face  as  the  real  image 
input  to  the  system;  thus,  the  projection  screen  must  be  of  the  same  physical  size 
as  the  CRT  face.  A projection  screen  with  a resolution  of  better  than  10  line  pairs/ 
mm  was  desired,  since  with  such  a resolution  the  projection  screen  would  have  es- 
sentially no  effect  on  the  overall  system  resolution.  It  was  desirable  to  choose  a 
projection  screen  that  would  cause  very  little  depolarization  of  the  LCLV  projec- 
tor's polarized  projection  light  so  that  the  light  lost  at  the  first  plane  polarizer  in 
the  pancake  window  would  be  minimized.  It  was  also  desirable  to  choose  a projec- 
tion screen  with  minimum  falloff  with  increasing  bend  angle,  but  one  that  had  a 
high  enough  gain  to  meet  the  brightness  requirement  of  430  fL. 

System  tradeoffs  led  to  the  conclusion  that  a gain  of  7 . 6 is  the  best  design 
choice  to  produce  the  desired  480  fL.  The  worst  case  bend  angle  the  pilot  can 
attain  is  14°,  which  occurs  at  the  boundary  of  the  6-inch  forward-facing  hemi- 
sphere. A gain  of  8 screen  is  therefore  recommended  to  provide  a safety  factor. 
The  approximate  light  falloff  with  b^d  angle  for  this  screen  is  shown  in  Fig- 
ure 36.  Note  that  the  falloff  at  a 14°  bend  angle  is  only  about  2:1.  For  sake  of 
comparison,  a gain  of  10  screen  is  also  shown.  (This  screen  was  considered  as  an 
alternate  in  the  brightness/light  falloff  study  in  Topic  5-3.) 

The  other  characteristics  of  the  projection  screen  are  somewhat  depend- 
ent on  the  manufacturing  process,  and  therefore  on  the  specific  screen  supplier. 
Requests  for  quotation  were  sent  to  several  vendors  for  a projection  screen  with 
the  desired  characteristics.  As  shown  in  the  topic  on  screen  tests  (Topic  4-12), 
the  replies  to  Hughes  requests  permitted  selection  of  a preferred  type  screen 
with  a gain  of  8,  Alternative  choices  were  higher  priced,  and  manufacturing 
processes  were  not  as'optimum  for  this  specific  gaip.  The  selected  type 
screen  was  found  to  depolarize  approximately  5 percent  of  the  incident  polarized 
light/  i.  e. , 5 percent  of  the  light  will  be  lost  in  the  first  polarizer  in  the  pancake 
window  because  of  incorrect  polarizati^" . Higher  gain  screens  were  measured 
to  have  a limiting  resolution  of  12.7  to  18  line  pairs/mm.  A projection  screen 
with  this  much  resolution  can  easily  provide  the  on-axis  and  off-axis  resolution 
requirements.  Based  on  screen  investigation  (Topic  4-12)  the  contrast  ratio  is 
estimated  to  be  250:1. 

The  selected  type  projection  screen  has  an  optical  coating  which  is  a 
translucent  material  consisting  of  fine-graindiffusing  particles  bonded  within  a 
film.  The  optical  coating  is  9 mils  thick  and  is  produced  so  as  to  maintain  uni- 
formity of  thickness  (and  therefore  optical  density)  to  within  ±0. 5 percent 
throughout  the  entire  screen  area.  The  optical  coating  is  bonded  to  a clear, 

1/4-inch  acrylic  substrate.  The  selected  type  screen  is  washable,  scratch 
resistant,  non-yellowing,  nonfading,  and  fire-and-fungu:§  resistant. 

The  hemispherical  24-inch-radius  screen  is  made  of  1/4-inch  acrylic 
substrate  (to  which  the  optical  coating  is  applied).  A flange  is  provided  to  'mount 
the  screens,  with  means  (such  as  shimming)  provided  for  alignment  positioning  (in 
X,  Y,  Z and  tilt)  and  for  locking  the  screen  into  position  once  it  has  been  aligned. 
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Figure  36.  Goniophotometric  Plot  of  a Typical  Rear  Projection  Screen  with  a Nominal 
On-Axis  Gain  of  8 Using  a Linearly  Polarized  Projection  Light  Source.  The  falloff  at  the 
14**  worst  case  bend  angle  is  approximately  2:1. 
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1.  DESCRIPTION  OF  THE  SYSTEM  MECHANICAL  DESIGN 


m a multiprojector  system,  the  individual  projectors  supported  by  rigid  honeycomb 
baseplates,  are  mounted  by  support  struts  which  connect  the  projector  baseplates  to 
the  existing  ASPT  dodecahedron  cockpit  structure.  This  approach  satisfies  the  im- 
posed dynamic  requirements,  and  provides  good  accessibility  to  all  serviceable 
elements. 

The  mechanical  requirements  for  the  projectors  can  be  briefly  summarized 
as  follows:  1)  rigid  mounting  to  the  ASPT  frame  structure  to  withstand  the  motion 
platform  vibration  and  linear  and  angular  accelerations;  2)  capability  to  align  the 
axis  of  polarization  and  the  optical  axis  of  the  projector  with  Aose  of  the  pancake 
window;  3)  shielding  of  both  front  and  rear  of  Ae  projection  screen  from  ambient 
light;  and  4)  provisions  for  easy  access  to  all  components  for  maintenance.  In 
addition,  it  is  desirable  to  minimize  both  weight  and  mass  moment  of  inertia  of  the 
projector. 

The  entire  system  including  the  several  projectors  and  their  support  struc- 
tures must  be  mounted  to  ■^e  dodecahedron  structure  of  the  motion  platform  in 
a manner  to  prevent  relative  movement  between  the  projector,  the  projection  screen, 
and  the  pancake  window  when  the  motion  platform  is  moving  at  its  maximum  rate. 
Also,  the  projector  itself  must  be  rigid  enough  to  prevent  relative  movement  between 
the  optical  components.  The  maximum  resultant  forces  on  the  projector  and  struc- 
ture are  estimated  at  5 g's.  Meeting  these  requirements  is  accomplished  by  attach- 
ing the  projector  baseplates  to  the  dodecahedral  cockpit  structure  by  means  of 
rigid  tubular  struts.  Figure  37  shows  the  arrangement  of  the  projector  and  screoi 
mounted  to  the  motion  platform  structure. 

The  structure  between  the  projector  and  dodecahedron  frame  is  rigid  tubu- 
lar aluminum  and  is  attached  near  the  apexes  of  each  pentagon  of  the  motian  plat- 
form structure  to  minimize  deflections.  The  tubular  structure  has  machined 
end-pieces  to  provide  the  mounting  points.  The  mounting  pads  for  attachment  will 
be  welded  to  the  tubular  frame  menders.  The  projector  mounting  pads  provide 
axial,  translational  and  rotational  adjustment  to  facilitate  alignment  of  the  pro- 
jector with  the  projection  screen. 

The  projection  screen  is  rigidly  mounted  to  a flat  plate  which  siqiports  the 
CRT  in  the  ASPT.  Provisions  will  be  made  for  aligning  the  screen  wllii  respect 
to  the  pancake  window.  Both  the  screen  and  projector  assembly  need  be  aliped 
only  upon  installation. 

The  projector  assembly  can  be  mounted  perpendicular  to  any  side  of  the 
dodecahedron  pentagon  facet  to  meet  the  requirement  of  aligning  the  axis  of  polar- 
ization of  the  projector  to  that  of  the  ASPT  pancake  window.  Projector  orien- 
tation is  then  optimized  to  give  ease  of  access  to  file  electronic  components.  A 
more  detailed  view  of  the  mounting  scheme  is  shown  in  Figures  38  and  39. 

Each  of  the  liquid  crystal  projectors  contains  an  individualized,  stable 
alignment  reference  slide  which  can  be  projected  through  the  same  optics  as  the 
LCLV  image.  Initial  mechanical  alignment  is  made  by  matching  the  test  slide  hori- 
zontal line  with  the  base  of  the  pentagonal  screen  and  the  vertical  center  with  the 
center  of  the  screen.  These  alignments  are  made  by  shifting  the  projector's 
honeycomb  baseplate  on  the  pentagonal  moxmting  frame.  The  unit  attachment  areas 
are  then  drilled  and  pinned  in  place. 

Further  alignment  of  the  projectors  depends  on  X,  Y and  rotational  position- 
ing of  the  reference  sUdes  to  minimize  Interwlndow  discontinuities.  After 
alignment,  the  reference  slide  is  firmly  locked  Into  position.  The  final  alignment 
step  - motfhing  the  electronic  images  to  the  reference  slide  - is  obtained  electrically 
through  size,  rotation  and  X,  Y axes  adjustments. 
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1.  DESCRIPTION  OF  THE  SYSTEM  MECHANICAL  DESIGN  (Continued) 
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Figure  38.  Rear  View  of  Projector  Mounted  in  Place.  View  shows  screen  support  structure 
and  projector  mounting  arrangement. 
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2.  MECHANICAL  DESIGN  CONCEPT  OF  THE  PROJECTOR 


The  basic  mechanical  design  concept  for  the  projector  calls  for  mounting  the  optical 
and  electronic  elements  to  opposite  sides  of  a ri^d.  flat  baseplate.  This  concept  sim- 
plifies the  design  and  alignment  of  optics  and  is  compatible  with  the  ASPT  visual 
display  structure. 

The  projector  assembly  (Figure  40)  is  64  x 38  x 18  inches  and  weighs  ap- 
proximately 280  pounds.  All  optical  components  are  rigidly  attached  to  the 
outboard  side  of  a honeycomb  baseplate  with  the  electronics  attached  to  the 
opposite  side.  A detailed  layout  of  the  optics  side  is  shown  in  Figure  41.  The 
baseplate  attachments  are  adjustable  in  order  to  align  the  polarization  of  the 
projector  with  the  projection  screen  and  the  pancake  window  in  the  cockpit 
structure  with  the  aid  of  a reference  slide  as  discussed  in  the  previous  topic. 

Preliminary  structural  calculations  indicate  that  a 3. 0-inch-thick  honeycomb 
(2.5-inch  honeycomb  sandwiched  between  two  1/4-inch  aluminum  plates)  bas^late 
is  sufficiently  rigid  to  minimize  deflections  and  stresses  under  the  imposed  dynamic 
loads.  The  first  mode  resonant  frequency  of  the  baseplate  is  well  above  the  forcing 
frequencies  induced  by  the  motion  platform. 

A detailed  layout  of  the  projector  assembly  is  shown  in  Figure  41 . The  analog 
circuitry  and  deflection  amplifiers  are  on  the  inboard  side  of  the  baseplate,  opposltr 
the  three  CRTs,  in  order  to  minimize  critical  lead  lengths.  The  long  illumination 
optical  path  is  folded  twice  to  insure  that  the  honeycomb  baseplate  satisfies  the 
dimensional  constraints  of  the  structure.  The  projection  optics  group  is  in  the  center 
of  the  optical  path  and  the  projection  lens  projects  through  the  baseplate  to  the 
projector  screen. 

The  electronics  are  mounted  on  5 x 5-lnch  circuit  cards.  A total  of  22  cards 
are  used  for  the  three  video  and  deflection  channels,  the  focus  coil  driver,  and  LCLV 
bias  circuits.  They  are  contained  within  an  air-cooled  card  box  which  is  mounted 
on  the  inboard  side  of  the  baseplate.  The  card  box  is  located  directly  behind  the 
CRTs  to  minimize  the  critical  distance  between  the  electronics  and  CRTs. 

The  enclosures  for  the  electronics  and  optical  components  will  be  fabricated 
from  commercially  available  modular  structures  with  aluminum  sideplates  and  ac- 
cess covers.  All  components,  optical  or  electrical,  can  be  monitored  or  replaced 
from  both  the  rear  and  side.  Hinged  access  covers  are  provided  on  the  card  box, 
deflection  amplifiers,  and  CRT/LCLV  assemblies  to  ease  maintenance. 

Since  reliability  is  directly  related  to  component  temperatures,  an  efficient 
cooling  technique  is  required.  This  is  accomplished  by  circulating  conditioned  am- 
bient air  through  filter^  openings  in  the  enclosures.  In  the  optics  section,  the  lamp 
housing  is  the  critical  item.  The  lamp  element  has  to  be  kept  below  300*  C.  To  do 
this,  a small  centrifugal  fan  is  mounted  to  direct  a stream  of  high  velocity  air  directly 
at  the  element.  The  velocity  is  estimated  to  be  1740  ft  per  minute  with  the  element 
temperature  being  260oc.  Air  also  has  to  be  passed  through  the  base  of  the  as- 
sembly. A larger  centrifugal  fan  drawing  90  cfih  of  air  is  therefore  mounted  behind 
the  lamp  assembly  to  draw  the  air  along  the  element  and  through  the  base  and  ex- 
haust it  outboard.  The  electronics  which  are  mounted  on  the  opposite  side  of  the 
baseplate  will  be  cooled  by  their  own  fans.  Each  deflection  amplifier  and  the  card 
box  have  built-in  fans  with  the  units  mounted  so  their  exhaust  air  is  discharged  out- 
board. The  honeycomb  baseplate  minimizes  thermal  problems  by  separating  the 
electronics  from  the  optics. 

The  combined  noise  of  the  fans  alone  is  estimated  at  60  dBa  which,  by 
Itself,  is  not  an  objectionable  level.  However,  several  of  these  units  surrounding  an 
operator  could  be  objectionable.  The  enclosure  will  attenuate  the  sound  somewhat; 
acoustical  foam,  with  a noise  reduction  coefficient  of  0.35,  will  further  reduce 
the  noise  level  to  an  acceptable  49  dBa. 
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During  the  study  effort,  two  alternative  projection  assembly  configurations 
evolved:  the  conservative  baseline  approach  (incorporating  relay  optics)  and  the 
somewhat  higher  risk,  minimum  wei^t  approach  (no  relay  optics).  The  short-path 
optics  approach,  shown  in  Figure  42  clearly  yields  a smaller,  lighter  weight  pack 
age  with  greater  light  output,  without  compromising  access  to  the  electronics. 


LAMP  HOUSING 


ILLUMINATION/ 


ELECTRONICS  IN  CARO  BOX 


(PRIME  MAINTENANCE  AREA) 


OF  PROJECTOR 


« — * ^OUTLINE  OF  ALTERNATE  CONFIGURATION 


Figure  40.  Side  Perspective  View  with  Two  Access  Doors  Open 


TABLE  20.  PROJECTOR  MECHANICAL  FEATURES 
• Lightweight,  stiff  honeycomb  baseplate 

a All  optical  components  coplanar,  and  mounted  on  top;  all  electronics 
mounted  below,  and  accessible  from  the  side 
a 90%  of  electronics  contained  in  card  box  for  ease  of  access 
a Alternate  packaging  concept  (without  a relay  in  the  illumination 
optics)  cuts  width  by  25%,  weight  by  15%,  and  increases  light 
output  by  30% 


CARO  BOX 

\ ■ 


Figure  42.  Alternate  (Reasonably  Probable)  Packaging  Configuration.  Elimination  of  relay 
optics  permits  rearrangement  of  layout  to  reduce  size  by  25%. 
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Section  7 — Baseline  Performance 


1.  PERFORMANCE  FEATURES  OF  THE  RECOMMENDED  SYSTEM 


High  visual  quality,  system  flexibility  and  attractive  hardware  characteristics  of 
the  basic  projector  translate  directly  into  a high  availability  multiprojector  full- 
cockpit  system  capable  of  providing  the  pilot  with  a realistic  simulation  of  the  real 
world  (limited  primarily  by  CIG  capability). 

This  topic  covers  the  performance  highlights,  while  subsequent  topics 
discuss  the  methods  and  data  on  which  these  performance  predictions  are  based. 

Basic  Projector  Features  — Adequate  brightness,  high  resolution  and 
color  fidelity  are  the  essence  of  a high  quality  simulator  capable  of  realistic 
CIG  reproduction  of  the  real  world.  Brightness  of  the  system  is  predicated  on 
using  a 1,6  kW  lamp  (can  be  increased  to  2.5  kW),  and  LCLV  efficiency  of 
38  percent  (expected  to  improve  as  a result  of  current  IR&D),  and  a color  spec- 
trum approaching  that  of  P22.  By  giving  up  some  of  the  blue  light  (rendering 
the  display  yellowish),  up  to  a 20  percent  light  increase  can  be  realized;  coupled 
with  going  to  a 2,  5 kW  lamp  and  improving  LCLV  efficiency  by  50  percent  this 
could  yield  at  least  2. 2 times  greater  light  output. 

Although  the  RFP  requir^mant  specifies  resolution  at  1000  lines,  a more 
commonly  used  measure  of  resolution  which  facilitates  comparison  with  other 
techniques  is  the  horizontal  resolution  in  TV  lines  limiting  (3  percent  response 
point).  The  resolution  at  1000  TV  lines  (30%  MTF)  can  be  extrapolated  — with 
some  uncertainty  — to  1600  TV  lines  limiting.  This  is  a resolution  superior  to 
any  other  technique.  Furthermore,  significantly  higher  resolution  is  attainable 
at  some  risk/cost. 

Color  capability  of  the  projector  is  fair:  it  exceeds  slightly  the  range  of 
the  P22  phosphor  in  the  cyan  and  yellow  regions,  but  is  not  capable  of  reproduc- 
ing the  blue-red  (purple)  region  at  the  saturation  of  the  P22  phosphor.  Color 
spectrum  may  be  selected  by  changing  the  dichroic  assembly,  and  can  be  made 
compatible  with  the  trichromatic  holographic  pancake  window  by  sacrificing  of 
light  output.  Misregistration  of  the  three  channels  will  be  held  to  less  than 
one-half  line  width. 

Although  the  LCLV  response  time  is  not  adequate  for  high  speed  motion 
(one-frame  writeup)  at  full  gray  scale  - see  next  topic  for  details  - further 
R&D  is  expected  to  eliminate  this  shortcoming. 

Flexible  Interfacing  Capability  - By  virtue  of  the  high  speed,  linear 
deflection  system  employed,  the  projector  is  extremely  flexible  in  interfacing 
with  different  systems.  It  has  the  felxibility  to  accommodate  nonlinear  sweep 
inputs,  or  it  could  paint  multiple  rasters  of  different  types,  and  could  even 
accommodate  calligraphic  inputs.  The  correction  memory  can  also  be  used  to 
shape  raster  or  other  inputs  over  a small  range  to  correct  for  distortions  if  so 
required. 

Hardware  Characteristics  — Semiruggedized  construction,  no  sensitivity 
to  orientation,  lightweight,  high  reliability  and  ease  of  access  to  all  replaceable 
components  are  the  main  hardware  features.  The  first  three  mean  that  the 
projector  is  ideally  suited  for  operation  on  a motion  platform,  while  the  last 
two  translate  into  high  equipment  availability.  The  MTBF  quoted  in  Table  21 
(8000  hours)  is  based  on  projector  mounted  hardware  only  (does  not  include  low 
voltage  and  lamp  power  supplies).  It  is  an  impressively  high  number,  attribut- 
able to  the  high  sensitivity  of  the  light  valve  which  in  turn  means  low  CRT  volt- 
age which  permits  use  of  a low  power  deflection  system. 

Multiprojector  System  Features  — Major  features  of  the  full-up  sysl  i 
are  an  extension  of  the  basic  projector  performance.  They  include  1)  a wide 
field-of-view,  mosaicked  display  with  minimal  discontinuities  across  adjacent 


windows;  2)  compatibility  with  motion  platform  at  the  system  level,  and  3)  high 
availability  at  the  system  level. 

The  techniques  required  to  insure  good  color  registration  are  inherently 
capable  of  good  distortion  conbrol  to  achieve  minimum  image  discontinuity  between 
adjacent  windows.  Carefully  prepared  reference  slides  are  incorporated  in  each 
projector;  these  are  initially  aligned  slides  to  which  the  video  generated  image 
of  all  three  channels  can  be  aligned  individually  for  each  projector.  This  is  an 
important  maintainability  feature;  it  reduces  the  interaction  among  the  individual 
projectors  and  thus  greatly  simplifies  the  job  of  realigning  the  system,  should 
this  be  necessary.  High  availability  is  also  enhanced  by  the  high  system  MTBF 
(1130  hours,  achieved  by  a redundant  central  power  supply  configuration),  good 
accessibility,  and  a central  minicomputer  with  disc  storage  which  supplies  test 
patterns  (for  system  verification,  fault  diagnosis  and  alignment)  and  aids  the 
task  of  setting  up  the  correction  memories. 

TABLE  21.  KEY  PERFORMANCE  FEATURES  OF  RECOMMENDED 
PRO  JEC  TOR/S  YSTE  M 

Basic  Projector  Features 


High  Visual  Quality 


Interface  Flexibility 


Attractive  Hardware 
Characteristics 


Multiprojector  System 
Features 

Accurate  Mosaicking 


High  Availability 


Compatibility  With 
Motion 


• High  brightness  (with  growth) 

• 1500  TV  lines  limiting  resolution  (with  growth) 

• Full  color  (similar  P22  spectrum) 

• Response  time  nearly  adequate 

• Linear  deflection 

• Correction  memory  for  distortion  compensation 

• Weighs  280  lbs  (240  lbs  alternate) 

• Rugged ized  to  take  shock 

• 8000  hour  MTBF 

• All  components  easily  accessed 


• Brightness  variation  across  edges  <±17.  7%  (rms) 

• Interwindow  discontinuity  <1% 

• System  mission-critical  MTBF  of  1130  hours 

• Wide  range  of  maintainability  features 

• Central  minicomputer  + dual  discs  (test  patterns, 
diagnostics,  computer  aided  alignment) 

• Reference  slide  - system  alignment  on  a 
projector-by-projector  basis 

• Rigid  mounting  of  projectors  to 
dodecahedron  frame 

• Total  weight  on  platform  is  approximately 
2600  lbs  (includes  support  structure) 
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Section  7 - Baseline  Performance 


2.  PERFORMANCE  CAPABILITY  VS  SPECIFIED  REQUIREMENTS 


Except  for  bri^tness  and  color  uniformity  (which  is  cosmetically  significant  but  op- 
erationally unimportant)  and  speed  of  response,  the  recommend^  projector  complies 
with  all  performance  design  goals.  Current  research  and  development  work  will  im- 
prove the  response  speed. 

The  RFP  requirements  and  the  performance  characteristics  (based  on  anal- 
yses in  this  section)  of  the  recommended  system  are  compared  in  Table  22. 

Critical  interpretations  for  some  of  these  parameters,  and  the  reasons  for  not  fully 
complying  with  some  others  are  discussed  below. 

Brightness  - Screen  brightness  requirement  is  480  f L.  Since  this  is  a screen 
gain  dependent  number,  it  is  important  to  specify  a more  basic  measure  - light  out- 
put usable  by  polarizing  pancake  window  - to  evaluate  projector  performance.  For 
polarized  lig^t,  assuming  1)  a screen  with  a gain  of  8.0  (<2:1  light  falloff  with 
6-inch  pilot  head  motion),  2)  a screen  depolarization  factor  of  5%,  and  3)  a screen 
size  of  6.75  ft^,  a minimum  216  lumens  are  required  to  produce  a display  of  6 fL 
brightness  to  the  pilot. 

Note  that  these  calculations  are  based  on  a flat  spectrum  pancake  window. 
Spectral  characteristics  (which  were  made  available  to  Hughes)  of  one  of  the 
ASPT  pancake  windows  show  rather  poor  efficiency  in  the  blue  region.  The  ASPT 
pancake  windows  were  designed  by  Farrand  to  operate  with  a PI  phosphor  CRT; 
there  was  no  need  therefore  to  keep  a wide  spectrum.  It  is  assumed  that  a broader 
spectrum  will  be  provided  for  a multicolor  system. 

Brightness  Variation  - Because  of  the  number  of  projector  components  which 
affect  brightness  uniformity  (lamp,  illumination  system,  LCLVs,  projection  optics, 
screen),  meeting  the  RFP  goals  does  not  appear  cost-effective  (see  Topic  2-2,  re- 
quirements analysis).  Most  of  the  1 25%  brightness  variation  is  expected  to  be 
low  spatial  frequency  (i.e.,  gradual  variation  across  the  screen)  and  therefore  not 
easily  detected  by  the  pilot.  Whether  the  edge-to-e(^e  variation  of  35%  (or  less) 
is  noticeable  depends  on  whether  joints  are  used  to  segregate  the  windows.  If  they 
are  used  (which  appears  likely), the  30%  brightness  difference  recommended  will 
be  barely  perceptible.  Brightness  variation  as  a function  of  pilot  head  motion  is 
due  to  screen  gain.  Falloff  may  be  traded  off  for  light  output  (see  Topic  5-3). 

Contrast.  Contrast  ratio  attainable  with  a 30:1  contrast  LCLV  is  20:1. 

If  LCLV  contrast  is  raised  to  40:1  (this  looks  to  be  achievable),  contrast  ratio  will 
be  raised  to  nearly  the  required  25:1. 

Distortion  - Because  of  the  features  incorporated  to  meet  color  registra- 
tion of  0.06%,  it  is  expected  that  distortion  will  be  much  less  than  the  1%  required. 

Color  Variation  - A slight  variation  in  color  across  screen  and  with  intensity 
is  expected,  and  is  primarily  attributable  to  the  LCLV  characteristics.  Meaningful 
data  on  color  variation  are  unavailable  at  this  time.  When  the  LCLV  is  put  Into 
production,  the  resulting  color  variation  should  be  barely  perceptible. 

Response  - The  current  LCLVs  provide  a response  close  to  adequate  for 
commercial  television,  but  not  sufficiently  fast  to  accommodate  the  single-frame 
writeup  capability  required  for  a high-speed  motion  operation.  The  feasibility  of 
a faster  response  cell  with  the  CdS  photoconductor  has  been  established,  and  re- 
sponse will  be  improved  with  further  research  and  development  (R&D).  A current 
R&D  program  to  change  the  LCLV  photoconductor  material  wlll  essentially  elimi- 
nate this  problem. 

Display  Configurations.  The  pentagonal  on  spherical,  rectangular  on 
spherical,  and  rectangular  on  flat  screen  configurations  are  feasible.  System 
performance  for  these  configurations  is  summarized  in  Topic  7-13. 
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TABLE  22.  COMPARISON  OF  LCLV  COLOR  PROJECTOR  CHARACTERISTICS 

WITH  RFP  REQUIREMENTS 


Parameters 

RFP  Requirements 

Characteristics  of 

Recommended  System 

. 

Imace  Parameters 
Bri^tneas 

j 

445  lumens,  or 

216  lumens  (polarized) 

>216  lumens  (polarized) 

Brightness  variation 

Across  screen 

<25% 

<±25% 

Edge-to-edge 

<12% 

<35% 

With  pilot  head  motion* 

Not  specified 

Maximum  of  -50%  with 

6"  head  motion 

Contrast  ratio 

25:1 

20:1 

Resolution:  Center 

1000  TVL@30% 

1000  TVL  @ 30% 

Edge 

750  TVL  @35% 

750  TVL  @37% 

1 

Geometric  Distortion 

<1% 

<1%  (0.5%) 

Interwindow  discontinuity* 

Not  specified 

1.0% 

Color  registration* 

Not  specified 

0.06% 

: _ ■ 

Color:  Response 

Same  as  P22 

Similar  to  P22 

' 

Variation  across 

Not  visible  when  directly 

Slight  variation 

screen 

viewed 

Shift  with  screen 

Not  visible  when  directly 

Slight  variation 

intensity 

viewed 

Persistence 

No  color  shift 

Compatible  with  30  frames/ 

See  text 

■ t 

sec  and  high  speed  motion 

Electrical  Parameters 
Video  Input 

EIA  Std  RS  343,  1023  line. 

RS  343,  1023  line, 

1:1  aspect  ratio 

1:1  aspect  ratio 

Image  drift 

<0.5% 

0.1% 

Alignment 

Center,  roll  and  size  image 

20  MHz  @±1  dB,  tr  = 25  ns 

Center,  roli  and  size 
alignment  capability 

Video  bandwidth 

20  MHz  @ ±1  dB,  tr  - 15  ns 

■ 

Interface 

Special  Requirements 
Motion  plauprm 

Fixed  element  rate  CIG 

Fixed  element  rate  CIG 

' 

j 

Will  meet 

Acceleration- 

±0.69g 

1 

forward-lateral,  heave 

±0. 89g 

Angular  acceleration 

±50o/s2 

1 

Weight 

Minimize  platform  weight 

<300  lbs  (projector) 

1.  ’ 

■■  i 

Cabling 

Minimize  cabling 

’ i 

Life:  Lamp 

Estimated  life  of  major 

1500  hours 

1 

CRT 

components 

3000  hours 

L 1 

LCLV 

2000  hours 

1 

i 

i 

Reliability  (MTBF) 

Optical  Requirements 

900  X 900  projection. 

8000  hours 

i . \ 

Mapping  correction 

900  X 900  projection, 

? 1 

ASPT-compatible 

ASPT-compatible 

f 

Display  configurations 

Pentagonal  on  spherical 

Feasible 

1 

screen 

Rectangular  on  spherical 

Feasible 

? i 

screen 

: ■ 1 
; i 4 

Retangular  on  flat  screen 

Feasible 

*Study-developed  requirement 


t 

I 

I 
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Section  7 - Baseline  Performance 


3.  LIGHT  OUTPUT/BRIGHTNESS  CAPABILITY  OF  PROJECTOR 


The  recommended  projector  supplies  more  than  480  fL  of  effective  highlight  brightness 
at  the  projection  screen,  using  a tradeoff-optimized  design.  A number  of  low  risk  ap- 
proaches  could  be  implemented  td  increase  light  output  by  as  much  as  a factor  of  1. 5. 

ASPT  requirements  call  for  a highlight  brightness  of  480  fL  on  the  pro- 
jection screen.  The  components  of  the  optical  subsystem  were  carefully  designed 
or  chosen  to  meet  the  system  requirement.  Figure  43  identifies  the  optical 
efficiency  of  each  component  in  the  optical  chain.  This  combination  of  component 
efficiencies  is  the  result  of  the  tradeoff  study  which  optimized  the  design  in  terms 
of  equalizing  risk/cost  (Topics  5-1  through  5-3). 

The  1.6  kW  xenon  arc  lamp  delivers  35,400  lumens  to  the  illumination  group 
which  has  an  efficiency  of  22%.  The  light  is  polarized  by  the  MacNeille  prism  as 
it  proceeds  to  the  LCLVs,  is  reflected  at  the  LCLVs,  and  is  analyzed  by  the  prism 
as  the  image  is  passed  to  the  projection  optics  group.  The  MacNeille  prism  has  a 
two-pass  efficiency  of  approximately  45%. 

Before  reaching  the  LCLVs  the  "S"  polarized  light  from  the  MacNeille  prism 
is  split  into  three  beams,  by  the  dichroic  beamsplitter  plates.  Each  beam  of  light 
is  one  of  the  three  primary  colors.  A trimniing  filter  may  be  used  in  each  channel 
to  control  the  channel's  intensity  and  the  primary  color's  purity.  The  optical  effi- 
ciency of  29%  used  for  this  group  is  based  on  tests  of  a non-TV  cell  and  takes  into 
account  the  spectral  characteristics  of  the  xenon  light  which  has  infrared  and  ultra- 
violet light  filtered  out  before  it  enters  the  illumination  group.  This  efficiency 
factor  also  assumes  that  no  filter  is  used  in  the  blue  channel,  and  that  the  red  and 
green  channels  are  filtered  to  decrease  their  intensity  so  that  when  added,  the  three 
channels  produce  a white  that  is  close  to  an  Oluminant  C white.  Note  that  the 
29%  figure  is  based  on  analysis  of  the  CX  (non-TV)  LCLV,  and  may  change  slightly 
for  the  TV  cells. 

The  38%  efficiency  factor  used  for  the  LCLV  is  based  on  results  of  the 
LCLV  tests,  and  assumes  operation  to  only  80%  of  peak  brightness  to  ensure  that 
the  LCLV  would  be  operated  on  the  linear  portion  of  its  gamma  curve.  The  projec- 
tion optics  group  has  a 5.9%  efficiency  with  the  high  efficiency  anti-reflection  coat- 
ings (HE A)  used. 

The  overall  optical  efficiency  of  0.64%  for  the  optics  subsystem  can  be 
calculated  by  multiplying  the  efficiencies  given  in  the  figure.  Thus  0.64%  of  the 
35,400  lumens  from  the  xenon  arc  lamp,  or  226.5  lumens,  will  be  delivered  to  the 
projection  screen. 

A gain  of  8 screen  with  an  area  of  6. 75  sq.  ft.  and  with  a depolarization  factor 
of  .05  presents  an  image  of  the  following  brightness  to  the  pancake  window: 

B X (1-0.05)  s 254  fL  (polarized) 

6.75 

The  required  brightness  in  the  screen  is  480  fL  of  nonpolarized  light.  Since  this 
is  equivalent  to  240  fL  of  polarized  light,  baseline  projector  exceeds  the  RFP 
requirement. 

Growth  - As  discussed  in  the  section  on  System  Trade-offs  a number  of  dif- 
ferent ways  of  Increasing  light  output  are  possible.  The  most  significant  of  these 
are  listed  in  Table  23,  along  with  anticipated  gain  factor.  In  most  cases,  some  other 
performance  parameter  (color,  lamp  life,  etc.)  is  affected,  but  not  seriously. 

It  is  worth  noting  that  if  the  first  two  low  risk  approaches  are  incorporated, 
light  output  is  raised  by  a factor  of  1.5  from  its  present  value.  Elimination  of  the 
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relays  in  the  illumination  optics  (considered  to  be  feasible)  raises  this  factor  to 
nearly  2 (1. 98).  Thus  diere  is  significant  growth  possible  without  depending  on 
either  a higher  efficiency  LCLY  or  a higher  powered  lamp. 


Figure  43.  Optical  Liticiencies  of  Optics  Subsystem  Components  for  Baseline  Approach.  Overall 
optical  efficiency  = 0.64%  with  35,400  lumens  input  yields  well  over  the  required  216  lumens. 


TABLE  23.  APPROACHES  TO  PROVIDE  INCREASED  LIGHT 


Gain  (estimated) 


1.25 


Unbalance  primaries 


Eliminate  relays 
in  illumination  system 


Increase  LCLV  efficiency 
to  50%  in  blue  channel 


Increase  lamp  power 
to  2.5  kW 


1.3-1.5 


Comment 


Slight  increase  in  light  falloff 
and  differential  bri^tness 


Display  color  shifts  from  white 
toward  yellow 


Requires  change  in  lamp  re- 
flector design;  slight  ri^ 


Depends  on  success  of  ongoing 
LCLV  IRdcD;  high  probability 
of  success  within  12  months 

No  testing  on  2.5  kW  lamp, 
performance  risk,  plan  to  test 
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Section  7 - Baseline  Performance 


4.  PROJECTOR  AND  INTERWINDOW  BRIGHTNESS  UNIFORMITY 


A systematic  analysis  of  projector  brightness  uniformity  results  in  a predicted  value  of 
±10  percent  plus  ±13.7  percent  rms  (or  less  than  ±25  percent).  Improving  this  figure 
is  feasible,  but  would  compromise  system  maintainability. 

Brightness  Uniformity  - The  ASPT  requirements  for  uniformity  are  quite 
stringent:  brightness  variation  across  the  screen  is  required  to  be  less  than 

or  equal  to  25  percent.  Analysis  of  the  requirements  (Topic  2-2)  indicates  that  a 
±25  percent  variation  should  be  acceptable. 

Figure  44  shows  the  percentage  brightness  variation  contributed 
by  each  component  in  the  optical  path.  The  brightness  variation  across  the  screen 
caused  by  the  lamp  module  is  estimated  to  be  less  than  ±3  percent.  This  figure 
includes  such  effects  as  the  slight  misalignment  of  the  lamp/reflector  potted  as- 
sembly and  the  variations  in  reflectivity  across  the  surface  of  the  reflector  due 
to  dust  or  other  foreign  matter  and  inconsistencies  in  the  reflecting  surface.  Based 
on  the  study  of  the  illumination  group,  (Tqplc  4-4),  it  is  expected  that  an 
optimized  group  should  provide  a variation  across  the  LCLV  aperture  of  approxi- 
mately ±10  percent  from  an  average  light-level  of  90  percent  of  peak  briefness. 

The  MacNeille  biprism  is  very  uniform,  and  will  have  a negligible  effect  on  the  sys- 
tem's brightness  uniformity.  The  dichroics  and  trim  filters  are  expected  to  produce 
less  than  ±1  percent  variation  in  brightness. 

CRTs  can  produce  small  area  brightness  variations  of  ±3  percent  and  large 
area  variations  of  as  much  as  ±7  percent.  These  variations  are  caused  by  changes 
in  spot  size,  variation  in  the  thickness  of  the  CRT's  fiber  optic  faceplate,  and  varia- 
tions in  phosphor  thickness.  Once  the  manufacturing  methods  technology  program 
is  completed,  the  LCLV  will  have  a predicted  random  variation  of  ±10  percent. 

The  nominal  falloff  in  the  projection  optics  is  0;  however,  some  variation  (esti- 
mated at  2 percent)  can  be  e^qiected.  The  selected  type  screen  is  expected  to 
have  much  less  than  ±5  percent  variation  in  screen  gain  across  the  usable  area 
of  the  screen. 

All  the  brightness  variations  indicated  in  the  figure  are  random  except  the 
systematic  variation  of  ±10  percent  due  to  the  illumination  group.  Superimposed 
on  the  systematic  variation  is  a root-mean-square  random  variation  of  ±13.7  rms. 

The  worst  case  error  is  the  sum  of  all  errors  of  either  source:  3 + 1+  7 + 10  + 2 
+ 5 + 10  = ±38  percent.* 

It  should  be  noted  that  if  the  ± 10  percent  plus  ±13.7  percent  rms  variation 
is  unacceptably  high,  or  if  some  of  the  component  tolerances  are  too  expensive  to 
achieve,  brightness  uniformity  can  be  improved  to  nearly  meet  the  RPP  specified 
25  percent  by  providing  electronic  area-dependent  intensity  compensation.  '>'his 
compensation  would  use  basically  the  same  logic  as  the  deHection  correction  mem- 
ory, and  should  be  implementable  at  minimum  cost.  Because  of  the  extra  alignment 
requirement  it  implies,  this  technique  is  not  incorporated  in  the  baseline  system. 

Interwindow  Edge-to-Edge  Brightness  Uniformity  - The  RPP  required  inter- 
window uniformity  is  12  percent;  analysis  of  this  requirement  in  Topic  2-2  shows 
that  ±25  percent  is  a more  realistic  requirement. 

Several  factors  affect  this  figure.  First,  there  is  the  random  variation  in 
brightness  uniformity  on  each  screen  (±13.7  percent  rms).  Second,  while  the  system- 
atic, radius-dependent  light  falloff  of  the  projection  optics  should  produce  only 
the  variation  due  to  radial  distance  of  the  pentagon  sides  and  comers  from  the  cen- 
ter of  the  screen,  in  fact  there  will  be  variations  between  light  falloff  patterns  that 


*Both  numbers  are  based  on  several  assumptions,  and  should  be  treated  accordingly. 
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will  contribute  an  estimated  10  percent  (random)  to  the  edge-mismatch  between 
windows.  Finally,  there  is  a difference  in  brightness  due  to  differential  agii^  of 
the  lamps  between  periodic  alignments  (when  the  windows  are  equalized  on  bright- 
ness); this  is  estimated  to  be  2 percent. 

Based  on  these  numbers  and  using  the  formula  shown  in  Figure  44,  the  rms 

interwindow  brightness  variation  will  be  >/(188  * 102  * 22)  = ±17.1  percent  rms, 
or  34.2  percent  rms.  Worst  case  maximum  error  will  be  (3 + 1^7^  10 -•■2  + 5 
+ 10  +2)  = ±40  percent.* 

Note  that  the  comments  regarding  use  of  an  electronic  area-dependent  In- 
tensity compensation  method  for  improving  brightness  uniformity  can  reduce  this 
number  to  an  undiscemible  level. 
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System  Components  Contributing  to 


Brightness  Variations  Across  Projection  Screen 
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^Both  numbers  are  based  on  several  assumptions,  and  should  be  treated  accordingly. 
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Section  7 - Baseline  Performance 


5.  IMAGE  CONTRAST 


System  contrast  is  estimated  to  be  20;1,  slightly  short  of  the  required  25:1.  IR&D  ef- 
forts  on  the  liquid  crystal  light  valve  are  expected  to  yield  improved  performance. 

The  ASPT  design  requirements  call  for  a contrast  ratio  of  25:1.  Figure  45 
shows  the  components  that  affect  system  contrast  and  the  values  assigned 
to  each  one.  The  CRT  has  a very  high  contrast  ratio  and  will  not  be  a limiting  fac- 
tor in  system  contrast.  The  fused  silica  MacNeille  biprism  (currently  being  delivered 
to  Hughes)  was  specified  to  have  a contrast  ratio  of  at  least  100:1  realistically,  con- 
trast is  expected  to  be  a minimum  of  150:1.  Its  contrast  ratio  is  determined  by 
its  polarization  ratio  (Tp/Ts  or  Rs/Rp).  Based  on  the  results  of  tests  conducted 
on  television  cells,  it  appears  that  the  LCLV  should  be  able  to  achieve  a 30:1  con- 
trast ratio  when  used  in  light  of  the  primary  color  for  which  it  is  optimized.  The 
projection  optics  assembly  should  have  a very  high  contrast  ratio  of  greater  than 
200:1,  although  this  number  has  not  been  analytically  confirmed.  Extrapolating  the 
data  collected  by  GE  In  their  study  (Beardsley  et  al. , 1975),  It  Is  estimated  that 
the  projection  screen  will  have  a contrast  ratio  of  at  least  250:1. 

Based  on  these  numbers,  overall  system  contrast  calculated  according  to 
the  formula  given  calculates  to  be  approximately  20:1.  This  falls  somewhat  short 
of  the  required  25:1  contrast  ratio;  using  the  "shades  of  gray"  measure,  the  differ- 
ence is  approximately  one  shade  of  gray.  To  reach  the  desired  25:1  figure  requires 
improvement  of  the  LCLV;  meaningful  improvements  in  the  other  components  are 
hard  to  achieve.  IR&D  effort  in  the  liquid  crystal  area  is  expected  to  yield  improved 
performance  at  some  time  in  the  future. 
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Figure  45.  Calculation  of  Overall  LCLV  Projection  System  Contrast  Ratio 
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e.  CALCULATED  RESOLUTION  OF  THE  LCLV  PROJECTION  SYSTEM 
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Hie  resolution  of  the  LCLV  projection  system  is  30  percent  MTF  at  1000  TVL, 
center  and  37  percent  MTF  at  750  TVL,  edge.  This  is  equivalent  to  a limiting 
resolution  of  1500  TV  lines,  and  is  therefore  a substantial  improvement  over  other 
large  screen  projection  techniques. 

The  LCLV  projector  resolution  is  determined  first  by  formulation  of  a 
series-string  model  which  describes  the  padi  of  the  input  video  and  conversion 
of  this  data  to  a visible  pattern  on  the  screen.  The  resolution  of  each  compo- 
nent is  then  determined,  and  their  cascaded  combination  is  calculated.  Each 
component  of  the  model  is  considered  separately  for  the  system  video  inputs  of 
1000  TV  lines  (TVL)  center  and  750  TVL  edge  in  terms  of  modulation  transfer 
function  (MTF).  For  this  purpose,  MTF  is  a highly  useful  tool  for  analyzing 
resolution  since  multiplication  of  the  individual  component  MTFs  yields  the 
overall  MTF.  The  system  resolution  model  shown  in  Figure  46  also  includes 
the  MTF  of  each  component  at  the  center  at  1000  lines  and  at  the  edge  at 
750  lines.  The  source  of  the  data  which  describe  the  primary  characteristics  of 
each  component  is  either  a design  requirement,  manufacturer's  data  or  labora- 
tory measurement. 

The  assumptian  vmderlylng  all  these  calculations  is  that  the  system  is 
essentially  a linear  one,  with  all  elements  having  gaussian  MTF.  The  analysis 
will  yield  only  an  approidnaation  of  the  system  resolution  because:  1)  both  the 
CRT  and  the  LCLV  are  nonlinear  devices,  and  2)  the  amplifier  is  two  pole  and 
drops  off  more  rapidly  than  Gaussian  while  the  LCLV  response  Is  higher  than  the 
Gaussian  curve.  This  approach  will  yield  a very  conservative  estimate;  system 
resolution  Is  expected  to  be  significantly  higher  than  calculated. 

The  video  channel  bandwidth  is  a function  of  the  bandwidths  of  die  video 
preamplifier,  the  video  amplifier  and  the  gamma  correction  circuit.  A video 
preamplifier  presently  in  use  has  a 75  MHz  bandwidth  and  serves  as  an  interface 
matching  network  for  the  input  video  as  well  as  a bufier  to  drive  the  main  video 
amplifier.  In  combination  with  the  video  amplifier  and  gamma  correction  an 
overall  video  bandwidth  of  30  MHz  with  a pulse  rise  and  fall  of  15  nanoseconds  is 
readily  implemented. 

Ihe  characteristics  of  the  CRT  were  verified  by  measurement.  Those 
of  the  projection  screen  were  obtained  from  the  supplier's  data  on  each  compo- 
nent. The  CRT  50  percent  spot  size  at  the  required  light  output  of  150  to 
200  footlamberts  for  the  best  CRT  tested  to  date  is  1. 3 mils.  Optimization  of 
the  design  should  provide  the  1. 1 mil  spot  at  the  center  and  the  1. 42  mils  at  the 
edge  required  to  meet  system  design  requirements  (see  topic  on  System- Level 
Resolution  Tradeoffs  in  Section  5).  From  the  Kollmorgen  study,  toe  predicted 
resolution  of  toe  apochromatic  projection  optics  is  92  percent  and  88  percent 
MTF  at  toe  center  (at  1000  lines)  and  edge  (at  750  lines),  respectively.  Hie 
projection  screen  has  a limiting  resolution  of  14  line  paUrs  per  mm  (Ip/mm)  at 
toe  screen,  according  to  toe  manufacturer's  data  sheet.  R^erenoed  back  to  toe 
object  plane  through  the  lens  this  means  a limiting  resolution  of  280  Ip/mm,  or 
99  percent  MTF. 

Measurements  were  performed  in  1975  on  toe  fiber  optic  faceplates  and 
toe  LCLV  to  determine  limiting  resolution.  A single  plate  measured  had 
115  Ip/mm  limiting.  The  worst  case  for  two  plates  in  contact  was  measured  as 
74  Ip/mm.  Based  on  this  the  figure  100  Ip/mm  was  selected  for  toe  CRT  fiber 
optic  faceplate.  (Note:  toe  LCLV  measurement  includes  the  effect  of  one  of  toe 
fiber  optic  plates. ) The  typical  limiting  resolution  of  the  liquid  crystal  light 
valves  measured  was  40  Ip/mm  at  toe  required  ll^t  output. 
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Based  on  the  above  data,  the  MTP  for  the  system  components  in  the  model 
can  be  determined.  A summary  of  the  tabulated  v^ues  is  shown  in  Figure  46, 

J with  the  calculated  results  compared  to  the  specification  remiirements.  Calcula- 

^ tiona  are  baaed  upon  a 1. 6-inch  raster  size.  It  is  assumed  that  degradation  due  to 

I cable  losses,  imperfect  alignment,  noise,  CRT  spot  Jitter  and  fiber  optic  imper- 

fectioos  w^  be  minimized. 

Table  24  summarizes  how  system  resolution  can  be  Improved  ftirther.  If 
all  of  the  approaches  listed  in  the  table  are  implemented  simultaneously,  a total 
i resolution  Increase  of  nearly  50  percent  is  realizable.  Through  further  research 

I and  development  this  appears  very  feasible.  Note  again  that  since  these  calcula- 

tions are  based  on  sine-wave  MTF  figures,  the  BITF  with  a square-wave  CIG  in- 
put is  eapected  to  exceed  calculated  values  by  a wide  margin. 
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Figure  46.  Series  Model  for  Horizontal  Resolution.  The  system  MTF  at  1000  lines  (center)  and 
at  750  lines  (edge)  is  a product  of  the  aeries  model  component  MTFs  at  these  two  spatial  freq- 
uencies. 


TABLE  24.  APPROACHES  TO  IMPROVING  SYSTEM  RESOLUTION 


Approach 

System  Resolution 
Increase* 

Comments 

Decrease  CRT  Spot  Size 
to  0.9  mils 

20% 

• Appears  practical  (higher 
CRT  ano^  voltage) 

Increase  Video  Bandwidth 
to  50  MHz 

15% 

e Requires  wide-band  opm- 
loop  video  amplifier 

Increase  LCLV  Resolution 
to  50  Ip/mm 

11% 

i 

• Hi^r  cost  (lower  yield) 

*With  respect  to  baseline 
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Section  7 - Baseline  Performance 


7.  TECHNIQUES  THAT  MINIMIZE  PROJECTED  IMAGERY  DISTORTIONS  AND 
DISCONTINUITIES 

A stable  predistorted  reference  slide  and  a digital  correction  memory  to  implement 
piecewise  correction  of  the  displayed  rasters  are  the  key  concepts  in  achieving  lower- 
than-required  distortion,  interwindow  continuity,  and  color  re^tration  characteristics. 

The  specified  geometric  distortion  through  the  display  optics  is  1%  or 
However,  for  two  adjacent  projected  displays,  this  translates  to  a 2%  misalignment 
error  possible  at  screen  edges,  or  nearly  sA  inch.  To  provide  good  color 
registration  in  a single  projector,  the  channel-to-channel  registration  should  be  less 
than  0.05%.  To  provide  good  color  purity  and  interwindow  image  continuity,  both 
misregistration  and  distortion  must  be  minimized. 

The  distortion  in  the  projector  system  results  from  a number  of  factors 
which  can  be  minimized  by  analog  corrections  but  require  more  localized  "piece- 
wise"  corrections  to  be  resolved  to  the  required  system  resolution  level.  Analog 
methods  can  compensate  to  a reasonable  level  for  CRT  distortion  such  as  pincushion' 
or  barrel  distortion  and  yoke  nonlinearity,  as  well  as  symmetrical  lens  distortion. 

However,  fiber  optic  discontinuities  and  screen  irregularities  require  a piecewise 
fine  correction  for  effective  compensation. 

Digital  Correction  Memory  - To  provide  piecewise  correction,  a digital 
correction  memory  is  incorporateo.  A stored  map  is  made  of  position  correction 
signals  for  each  intersection  on  a 32  x 32  line  crosshatch,  and  circuitry  is  provided 
to  interpolate  (both  horizontally  and  vertically)  between  positions.  To  ensure  the 
best  possible  imagery  reproduction,  the  LCLV  projector  utilizes  both  analog  and 
digital  correction  methods. 

All  of  the  error  correction  signals,  after  generation  (and  D/A  conversion 
for  digital  data),  are  summed  at  the  input  of  the  X and  Y deflection  amplifiers  for 
each  channel  as  analog  compensation  waveforms.  Linearity  correction  is  performed 
to  produce  horizontal  and  vertical  lines  which  are  straight  in  an  average  sense. 

Orthogonality  correction  is  performed  to  make  these  lines  cross  at  right  angles. 

Piecewise  correction  is  effective  in  making  a fine  correction  on  a point-by-poinl 
b^is  on  the  32  x 32  matrix.  These  techniques  provide  the  means  of  accurately 
aligning  the  electronic  raster  to  an  optical  reference. 

Stable  Predistorted  Reference  Slide.  This  key  concept  is  incorporated  to 
minimize  both  distortion  for  a single  projector  and  interv/indow  discontinuity:  the 
capability  of  each  projector  to  project  a reference  slide  using  the  same  projection 
optics  as  the  three  television  channels.  The  slide  can  be  projected  on  the  screen 
simultaneously  with  the  color  raster  generated  image,  and  tan,  after  initial  align- 
ment of  the  system,  be  used  as  a reference  for  its  own  projector.  This  eliminates 
the  interaction  between  adjacent  windows  (projectors),  and  allows  the  system  to 
be  aligned  for  minimum  interwindow  discontinuity  by  simply  aligning  each  projector 
to  its  own  reference  slide.  The  reference  slide  is  made  of  a stable  material,  and 
is  prepared  to  eliminate  distortions  caused  by  the  projecticm  (^tics.  The  latter 
is  achieved  by  exposing  the  slide  (when  making  it)  to  a precise  reference  cross- 
hatch  on  a curved  screen  using  the  same  projection  lens  as  the  one  used  in  the  pro- 
jector, and  using  a stable  base  material  which  does  not  shrink  in  processing.  i 

Multiprojector  System  Alignment  Procedure  - To  explain  the  approach  to  j 

correction  of  distortion  in  a multiprojector  system,  the  procedure  for  initially  align-  ! 

ing  the  system  is  described  here.  To  begin  system  alignment,  the  projectors  are  | 

mechanically  aligned  using  the  projected  reference  slide  first  to  align  the  horizontal  1 

lines  parallel  to  the  base  of  the  pentagonal  screen,  and  then  to  align  the  axis  of  | 

polarization  of  output  light  with  that  of  the  pancake  window,  and  finally  to  align  the  j 
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pattern  center  with  the  screen  center.  Each  of  the  projector  reference  slides  is 
then  adjusted  (hy  slide  rotation  and  slide  XY  positioning)  to  achieve  the  best  possible 
alignment  of  pattern  edges.  The  crosshatch  pattern  is  feen  selected  for  display 
throu^  the  green  channel,  and  the  raster  is  corrected  for  linearity,  orthogonality, 
and  size  wlfli  respect  to  the  reference  slide  using  the  analog  correctimi  adjust- 
ments. Next,  the  green  channel  is  piecewise  corrected  by  the  operator  using  the 
digital  correction  memory.  Finally  the  red  and  blue  channels  are  matched  to  the 
green  (with  the  reference  slide  blocked)  using  both  analog  and  digital  correction 
to  minimize  color  misregistration. 

Since  the  accuracy  of  the  reference  slide  should  be  to  within  0.1  S%  and 
channel  alignment  to  the  reference  slide  is  to  the  accuracy  of  one  display  element, 
or  0.1%,  and  allowing  0.05%  for  drift,  the  maximum  position  error  should  be  0.3% 
for  one  projector.  Worst  case  alignment  of  adjacent  projectors  doubles  this  error 
to  a maidmum  of  0.6%,  or  less  than  0.5  inch  discontinuity  at  screen  edges.  Con- 
servatively, the  figures  0.5%  for  distortion  and  1%  for  interwindow  discontinuity 
should  be  easily  obtained. 

Figure  47  shows  exanq>les  of  crosahatch  misalignment  and  discusses 
details  of  piecewise  correcticm  procedures. 
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Figure  47.  Illustration  of  Alignment  Procedure.  Moving  cursor  from  A to  B and  entering  new 
position  loads  correction  signals  into  the  digital  correction  memory,  and  real%ns  the  raster  to 
cause  the  slide  projected  and  electronically  generated  crosshatch  intersections  to  superimpose. 
Computer  interpolation  of  correction  points  entered  will  reduce  the  number  of  points  to  be 
entered  to  realign  the  system  from  a thousand  to  as  few  as  one  (for  the  case  of  compensating 
for  a simple  offset). 
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8.  COLOR  AND  RESPONSE  TIME  PERFORMANCE 


nie  color  response  of  the  system  approximates  that  of  P22  phosphor  with  color 
variation  across  the  screen  a direct  function  of  LCLV  uniformity.  The  area  of 
persistence/response  requires  further  investigation. 

ASPT  requirements  call  for  a color  range  that  is  the  same  as  P22  phos- 
phor used  in  color  television  receivers.  Furthermore,  there  should  be  no  visible 
color  variation  across  the  screen  when  the  screen  is  viewed  directly,  no  visible 
color  shirt  when  the  li^t  output  intensity  is  modulated,  and  no  color  shift  due  to 
persistence  when  the  visual  scene  contains  high  speed  motion. 

The  reconunended  baseline  approach  for  meeting  these  requirements  is  to 
use  red  and  blue  dichroic  reflectors  that  have  50%  reflectance  at  iq>proxlmately 
585  nm  and  490  nm  respectively.  This  approach  does  not  use  a trim  filter  in  the 
blue  channel  since  it  is  the  least  efficient  channel,  and  it  is  desired  to  have  max- 
imum light  output. 

Color  Range  — The  spectral  characteristics  of  the  baseline  LCLV  pro- 
jector are  shown  on  the  CIE  diagram.  Figure  48.  The  baseline  system  used 
60  nm  wide  filters  in  the  red,  green  and  blue  channels  to  achieve  the  required 
light  output  with  a 1.6kW  lamp.  The  vertices  of  the  triangle  defining  the  color 
range  are  the  estimated  centroids  of  the  locus  of  points  representing  colors  over 
the  full  range  of  intensities.  Although  the  projector  is  capable  of  high^i^  satura- 
tion colors  than  that  of  the  P22  phosphor  for  colors  ranging  from  blue  (485  nm) 
to  full  red  (650  nm),  it  is  not  capable  of  reproducing  the  saturated  blue,  pink  and 
purple  colors  which  the  P22  phosphor  generates.  (For  a more  detailed  discus- 
sicm  of  the  figure,  see  Topic  4-7,  p41.) 

Color  Variation  with  Intensity  — Variation  in  color  with  intensity  can  be 
due  to  one  of  two  causes:  sWft  in  color  of  one  (or  all)  of  the  LCLVs  as  the  cell 
is  driven  over  the  full  range  of  bri^tiKss;  or  a mismatch  among  the  gammas 
(transfer  characteristics)  of  the  three  channels. 

The  variation  in  the  red  and  green  channels  with  intensity  is  minimal; 
however  there  is  an  appreciable  shift  in  the  blue  color  as  a function  of  intensity. 
This  will  result  in  some  color  shift  for  all  colors  containing  a blue  component  as 
intensity  is  varied;  however,  this  effect  is  not  expected  to  be  objectionable  to  the 
pilot.  Color  change  due  to  mismatch  in  the  gammas  will  be  minimized  by 
proper  design  and  alignment  of  the  three  video  channels. 

Color  Uniformity  by  Area.  — LCLV  uniformity  is  the  major  factor  control- 
ling color  variation  across  the  projection  screen.  It  is  e;q>ected  that  once  a 
currently  planned  manufacturing  methods  technology  program  for  the  LCLV  is 
con^)leted,  uniformity  will  be  better  than  :il0%  across  the  aperture.  It  is  expect- 
ed t^t  this  variation  will  not  cause  a visible  color  variation  on  the  screen.  If 
color  variation  across  the  screen  is  objectionable,  then  it  may  be  necessary  to 
incorporate  area  dependent  intensity  compensation  into  the  system.  Since  the 
logic  to  implement  area-sensitive  deflection  correction  already  exists,  adding 
video  area  con9)ensation  can  be  implemented  at  minim.il  cost,  although  it  does 
require  additional  effort  to  align  the  projector. 

Persistence/Response  - The  RFP  requirement  for  persistence  (response) 
states  the  need  to  acconiodate  a 30  Hz  frame  rate  and  hi^  speed  motion  of  the 
visual  scene.  This  implies  the  following: 

e No  flicker  should  be  observable  with  a 30  Hz  interlaced  raster. 

e The  projector  should  be  c{q>able  of  writing  iq>  the  display  image  in  a 
single  frame  to  perform  adequately  in  hi{^  roll,  pitdi,  and  yaw  rate 
environments. 

• After-image  (decay)  m'jst  be  minimized. 


Response  of  the  LCLV  is  sufficiently  fast  that  no  image  persistence  is 
visible  with  live  (commercial)  525  line  TV.  However,  the  cells  tested  heretofore 
have  exhibited  inadequate  response  to  single-frame  excitation  required  for  hig^ 
speed  motion. 

Although  single-frame  writeup  can  be  accomplished  by  overdriving  the 
LCLV,  this  will  result  in  loss  of  gray  scale.  Whether  loss  of  gray  scale  under 
conditions  of  rapid  motion  is  acceptable  or  not  is  conjectural  - it  is  quite  possible 
that  some  dynamic  intensity  compensation  during  high  speed  motion  will  result  in 
acceptable  performance.  Neverfoeless,  it  is  clearly  desirable  to  avoid  this  prob- 
lem altogether  by  improving  the  response  time  of  the  LCLV  (this  has  been  sh^n 
to  be  feasible  at  the  Hughes  Research  Laboratories).  It  is  therefore  recom- 
mended that  a program  to  overcome  this  LCLV  deficiency  be  initiated. 


Figure  48.  CtE  Chroinaticity  Diagram.  Color  reaponse  of  the  LCLV  Projector  for  30/40  nm, 
60  nm  and  70  nm  wide  dichroic  filteri  (at  50%  pointi)  are  plotted.  Plot  of  averaged  P22 
phosphor  color  response  is  shown  for  reference. 
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9.  ELECTRICAL  PERFORMANCE  CHARACTERISTICS 


Each  of  the  three  identical  video  channels  is  compatible  with  a lOOCHTV-line  input  from 
a computer  image  generator.  The  raster  generation  circuitry  utilizes  a stable  hi^ 
gain  analog  sweep  generator,  digital  and  analog  correction  circuits,  and  chopper  stabili- 
zation on  the  deflection  amplifiers  to  provide  a drift-free,  stable  projected  tmag*.  with 
minimal  misregistration  between  color  channels. 

The  degree  of  compliance  of  the  recommended  projector  with  the  design 
requirements  is  tabulated  in  Table  25.  The  approach  taken  to  meet  each 
requirement  is  also  briefly  stated,  and  is  elaborated  in  the  text  below. 

The  video  amplifier  channels,  with  a bandwidth  of  30  MHz  and  rise  and  fall 
times  of  less  than  15  nanoseconds,  are  fully  compatible  with  the  RS343,  1023'line 
input  video  and  will  meet  the  20  MHz  il  dB  requirement  (see  Topic  6-B-3).  Each 
video  channel  accepts  a separate  color  video  signal  from  the  computer  image  gene- 
rator (CIG)  and  provides  adjustable  gamma  compensation  for  the  CRT  and  LCLV 
transfer  functions  to  achieve  good  color  fidelity.  For  the  CIG  interface,  the  clock 
and  horizontal  and  vertical  synchronization  signals  are  received  from  the  CIG  to 
provide  stable  projector  display  synchronization. 

In  the  present  video  amplifier,  the  gamma  compensation  network  provides 
an  inverse  transfer  characteristic  of  the  CRT  and  LCLV,  combined.  The  gamma 
network  operates  on  a principle  of  gain  variation  dependent  upon  input  video  ampli- 
tude and  as  such,  is  the  prime  bandwidth  limitation  in  the  video  channel.  Replace- 
ment of  this  circuit  by  a look-up  memory  and  a digital-to-analog  converter  to  con- 
trol video  gain  is  a potential  area  of  future  investigation.  This  could  eliminate  the 
compensation  network  as  a bandwidth  limiting  device  which  would  ultimately  im- 
prove the  system  horizontal  resolution,  and  simplify  gamma  matching  of  the  three 
color  channels. 

Chopper  stabilization  of  the  deflection  amplifiers  to  improve  registration 
between  color  channels  also  serves  to  reduce  the  total  drift  of  the  color  display. 
Raster  non-linearity  such  as  pincushion  or  barrel  distortion  is  corrected  by  adding 
or  subtracting  the  integrated  ramp  from  the  sweep  generator  at  the  input  of  the 
deflection  amplifiers.  Rotational  signals  are  devel(^>ed  from  the  combination  of 
the  horizontal  and  vertical  sweep  signals  and  are  also  summed  into  the  defection 
channels  to  roll  the  displayed  image  about  its  axis.  Offset  controls  for  both  X and 
Y are  provided  to  permit  centering,  and  sweep  amplitude  controls  are  provided  to 
adjust  the  display  size.  Remote  controls  are  provided  for  the  offset  to  permit 
alignment  of  the  system  from  the  cockpit. 


TABLE  as.  ELECTRICAL  PERFORMANCE  OF  LCLV  PROJECTOR 
COMPARED  TO  SPECIFIED  PARAMETERS 


Eleetrleal 

Parameter 

1 

Requirement 

Projector  ^ 

Characteristics 

Comment 

^deobiput 

Simultaneous  color  per 
EIA  STD  RS  343.1023 
lines  at  1:1  aspe^ 
ratio 

3 channels  - " 
additive  color 

RS  343  compatible 
985  active  lines 

38  retrace  lines 

1:1  aspect  ratio 

Video 

Bandwidth 

20MHS  ildB 

Tr  s Tf  = 25  nsec 
overshoot  <10% 

20  MHz  ±1  dB 

T sTf<l5nsec 
overshoot  <10% 

Bandwidth  may  be  in- 
creased by  further 
design  effort  or  by 
digitizing  the  gamma 
compensation 

SUbility 

Image  drift  < 0.5% 

Image  drift  < ±0.1% 

Minimized  by  use  of 
separate  deflection 
power  supply  and 
chopper  stabilization 

Alignment 

Center.  Size,  Rotation 

X and  Y center  for 
each  channel 

X and  Y gain  for 
each  channel 
Rotation  adjustment 
for  each  channel 

Center  and  size  used 
to  align  to  reference 
slide 

Rotation  used  to  align 
adjacent  projectors 

Interface 

CIG  type  image 
generator  with  fixed 
element  rate  output 
video 

Differential  line 
receiver  on  video 
line  improves  noise 
rejection 

Normal  design 
practices  applied 
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10.  EQUIPMENT  CHARACTERISTICS  OF  PROJECTOR  AMD  SUPPORT  HARDWARE 

Low  weight  ami  power,  end  ahoek/vibration  integrity  eharaeterise  the  projector.  Fir- 
ther  wei^t  reductions  are  poesible  at  a alight  increase  of  hardware  cost. 


This  topic  summarises  the  equipment  cheracteristies  of  the  prcjector.  The 
study  addressed  the  mechanical  configwation  at  the  conceptual  level  - Le.,  what 
is  the  approach  to  concurrently  meeting  acceleration,  aocMsibility  and  alignability 
requirements  without  compromising  the  desirable  goal  of  lowering  weight.  Con- 
sequently. th«  information  present^  here  must  be  considered  preliminary,  and  is 
likely  to  change  (particularly  at  the  system  level)  to  tailor  the  projector  to  various 
system  applications. 

Tto  size,  wei{d>t  and  power  dissipation  figures  for  all  discrete  hardware 
elements  of  a multi-projector  system  using  seven  display  channels  are  summarized 
in  TaUe  26.  The  figures  given  for  the  projector  are  most  meaningful;  the  central 
power  siqiply  weitdit  is  a roug^  estimate,  as  is  the  weii^t  of  the  siq>port  structure. 
Detailed  structural  analysis  is  required  to  firm  iq>  the  latter.  Tot^  on-platform 
system  weiid^t  is  approximately  2600  lbs.  (see  Table  26).  Size/weiidtt/power 
figures  typical  of  currently  available  minlcon^uters  and  floppy  discs  are  given  for 
those  two  items. 

Power  dissipated  by  a complete  multiprojector  system  of  seven  channels 
is  estimated  to  be  32  kW.  This  is  based  on  using. a 1.6  kW  lang)  in  die  projector, 
and  a lamp  power  supply  efficiency  of  60%.  The  total  load  on  the  air-conditioning 
system  is  approximately  24, 000  BTU/hour. 

The  projector  design  is  based  on  the  concept  of  using  a flat  honeycomb  base- 
plate panel  as  the  mounting  for  all  the  optics,  and  to  provide  structural  stiffening. 
By  removii^  areas  on  the  baseplate  which  are  not  contributing  to  either  function, 
weight  may  be  lowered  significantly  (by  -15%),  which  will  lead  to  further  reductions 
in  system  weight  by  cutting  the  weight  of  the  structure  sqpporting  the  projector. 

The  basic  projector  and  the  recommended  structure  for  implementing  a 
muitiprojeotor  system  are  expected  to  meet  the  shock/acceleration  environment 
of  the  motion  platform:  roll,  pitch  and  yaw  of  ±8,  '*'10/-ili,  and  tlC  radians/see2, 
respectively;  and  longitudinal  lateral  and  vertical  acceleration  of  +1.0/-1.35.  *1.0 
and  -•■4.3/-3.1  g^  All  mechanical  adjustments  are  pinned  to  enswe  that  they  will 
not  be  dislodged  under  motion  conditions. 

The  projector  will  operate  over  the  temperature  (dO^’F  to  850F)  and  humidity 
(10%  to  60%)  ranges  expected  to  be  encountered  after  installation. 


TABLE  26.  KEY  PROJECTOB  EQUIPICNT  CHARACTERISTICS 


Sise 

Weight 

Power 

H 

W 

D 

(lbs.) 

(watts) 

Projector  (each) 

64" 

88" 

17" 

280  (240(1)) 

8,100 

Screens 

15" 

88" 

- 

80 

0 

Central  Power  Supply* 

(2  racks) 

72" 

88" 

24" 

1400** 

8,800 

Remote  Panel  (estimate) 

16" 

12" 

4" 

6** 

80 

Minicomputer* 

8" 

19" 

18" 

60** 

1,000 

Floppy  Disc  (dual  drive)* 

10" 

19" 

15" 

20** 

200 

Cabling  (80*) 

N/A 

220 

N/A 

Structure 

N/A 

210 

N/A 

TOTAL  ON  PLATF0RM(2) 

2600  (2320)^^ 

TOTAL  SySTEM(2) 

4086  lbs 

81,780W 

^Based  on  currently  available  typical  hardware 
**011-platform  electronics 


(1)  Alternate  packaging  configuration 

(2)  Based  on  assuming  a seven  projector  system 
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11.  RELIABILITY  ESTIMATE  OF  THE  PROJECTOR  SYSTEM 


Based  on  MIL-HDBK  designated  equipment  ftdlure  rates,  the  MTBF  of  a sin^e  pro- 
jector. excluding  power  sui^lles  mounted  off-platform,  is  approximately  8000  hours. 

The  MTBF  of  a complete  multiprojector  system  of  seven  chaimels  with  power  eup- 

plies  is  1130  hours.  ^ 

Protector  Reliabili^  - To  achieve  a high  degree  of  availability  in  amulti- 
projector  system,  the  reliability  of  the  individual  projectors  must  be  hi^.  The 
recommended  baseline  concept  achieves  high  reliability  despite  the  fact  that  there 
are  three  complete  CRT  channels  in  each  projector.  This  is  attributable  to  the  low 
power  levels  required  in  the  video,  deflection  and  high  voltage  circuits  required 
to  drive  the  CRTs  as  a result  of  the  high  deflection  sensitivity  CRT  used.  The  low 
power  levels  result  in  fewer  circuits,  low  voltage/power  components  which  can  be 
conservatively  rated,  and  the  pentralization  of  the  majority  of  the  power  supplies 
in  a remote  cabinet.  These  supplies  can  then  be  made  redundant  at  low  cost,  with-  ] 

out  adding  to  the  weight  of  the  projector  on  the  platform,  and  thus  they  contribute  i 

little  to  system  failure  rates.  I 

The  series- string  model  in  Figure  49  shows  a reliability  block  diagram 
for  the  projector.  The  projector  MTBF  (mean  time  between  failures)  is  calculated 
for  the  failure  rates  (X)  given  in  the  block  diagram.  The  estimated  failure  rates 
are  calculated  for  each  system  block  based  upon  either  similar  components  of  pre- 
viously manufactured  equipments  or  the  reliability  handbook  estimate  for  new  com- 
ponents. The  failure  rates  are  based  upon  an  ambient  temperature  of  250C. 

The  expected  life  of  the  arc  lamp  is  approximately  1500  hours,  with  the 
random  failure  rate  estimated  to  be  only  10  per  106  hours.  The  CRT  and  LCLV 
have  an  expected  life  of  5000  and  2000  hours,  respectively,  with  the  random  failure 
rates  again  low  - approximately  10  per  106  hours  for  the  CRT  and  an  estimated 
figure  of  5 per  10®  hours  for  the  LCLV.  As  the  lamp  approaches  end  of  life,  light 
output  begins  to  decrease.  As  the  CRT  and  LCLV  approach  end  of  life,  the  contrast' 
begins  to  decrease.  The  components,  therefore,  give  an  indication  when  approaching 
end  of  life.  This  can  be  used  as  a warning  of  impending  failure  and  the  component 
..  can  be  replaced  during  a period  of  non-use. 

Under  these  conditions  and  assumptions,  the  single  projector  has  ah  esti- 
mated MTBF  of  8000  hours.  ^ 

SVst^-Level  Reliability  - Figure  50  depicts  a reliability -oriented  block 
diagram  of  the  multiprojector  system  of  seven  channels.  The  central  support 
equipment  group  is  not  considered  part  of  the  overall  MTBF,  since  it  is  used 
for  maintenance  only.  The  central  power  supply  group  employs  various  degrees 
of  redundancy  to  achieve  reliability.  FuU  redundancy  of  the  low  and  medium 
voltage  power  supplies  yields  an  essentially  zero  failime  rate.  By  using  ei^t 
lamp  power  supplies  for  the  seven  projectors  (permitting  the  extra  'supply  to  be 
switched  in  to  replace  a failed  supply) , the  arc  lamp  supply  failure  rate  is 
reduced  from  445  to  243.  If  a 1-day  repair  or  r^lacement  cycle  is  assumed  for 
the  failed  supply,  the  failure  rate  is  reduced  by  a factor  of  20.  The  combined 
failure  rate  of  the  central  power  supply  group  is  therefore  243/20  = 12.1,  yield- 
ing an  MTBF  of  82,000  hours. 

Based  upon  an  MTBF  of  8,000  hours  for  the  basic  projector  and  82,000 
hours  for.the  power  supplies,  the  complete  projection  system  MTBF  is  calcu- 
lated to  be  1130  hours.  Considering  the  complexity  of  ttie  system,  this  is  excel- 
lent reliability.  Use  of  high  reliability  components  in  some  of  the  high  failure 
rate  areas  such  as  the  high  voltage  power  supplies  and  CRT  bias  circuits  can 
further  improve  reliability  with  minimal  hardware  cost  Impact. 
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12.  APPROACH  TO  ACHIEVING  GOOD  MAINTAINABILITY  | 
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Basie  architecture  of  the  recommended  system  permits  incorporation  of  a number  of 
maintainability  features  at  little  extra  cost.  The  result  is  a system  which  has  high  avail- 
ability  despite  its  eomtdexity. 

Given  the  complexity  of  a multiprojeotor  system,  high  availability  for  the 
basic  projector  is  essential.  As  shown  in  the  previous  topic,  reliability  of  the  basic 
projector  Is  high;  the  major  factors  influencing  availability  are  therefore  those  asso- 
ciated with  performance  monitoring  and  verification,  replacement  of  wear-out  parts  ■ 

and  realigning  the  system  for  optimum  operation,  rather  than  those  associated  with 
isolating  and  repairing  failures  which  occur  only  infrequently. 

Given  the  variety  of  maintenance  actions  (see  column  headings  in  Table  27) 
and  the  variety  of  features  which  can  be  implemented,  the  scope  of  the  study  did 
not  permit  the  detailed  and  comprehensive  analysis  that  this  area  deserves  in  view 
of  its  importance.  Rather,  an  attempt  was  made  to  identify  both  the  possible  mainte- 
nance actions,  and  the  maintainability  features  which  should  be  provided  in  the  equip- 
ment to  support  those  maintenance  actions.  Emphasis  was  placed  on  maintainability 
features  which,  by  virtue  of  their  frequent  utilization  or  significant  time  savings, 
would  make  a major  contribution  to  high  availability. 

Because  a given  maintainability  feature  will  support  several  maintenance 
actions,  a "maintainability  matrix"  such  as  shown  in  Table  27  appears  to  be  *be 
most  convenient  method  for  depicting  their  interrelationships.  A brief  discussion 
of  both  maintenance  actions  and  maintainability  features  is  given  below. 

MAINTENANCE  ACTIONS 

Performyice  Verification  - Because  the  output  of  the  system  is  visual,  major 
misalignment  and  failures  are  rapidly  detected  by  the  user  of  the  system.  Addition- 
ally, however,  regular  pre-mission,  daily  and  weekly  tests  (varying  in  their  degree 
of  comprehensiveness  snd  the  time  required  to  run  them)  should  be  conducted  to 
ensure  the  system  is  fully  aligned  and  operational. 

Alipiment  - This  action  can  take  place  at  either  the  system  or  at  the  pro- 
jector leveL  Given  the  complexity  of  aligning  a multiprojeotor  system,  it  is  de-  < 

sirable  to  maximize  the  former  at  the  expense  of  the  latter.  Frequency  of  alignment 
action  depends  upon  circuit  stability  and  the  need  to  realign  after  wearout  part 
replacement.  In  the  baseline  projector,  stability  of  critical  circuits  is  specified 
to  be  high  to  eliminate  the  ne^  for  frequent  realignment;  however,  there  is  some 
risk  in  meeting  these  requirements  and  occasional  realignment  may  be  required. 

Replacement  of  the  CRT,  LCLV,  or  die  lamp  will  necessitate  an  extensive  analog/ 
digital/mechanical,  a straightforward  digital/mechanical/optical,  and  a simple  opti- 
cal augment,  respectively,  (all  of  these  are  at  the  projector  level).  System  realign- 
ment should  be  reared  only  in  case  of  replacing  a full  projector,  a projection  lens, 
or  a screen  on  a pancake  window  - all  of  which  are  expMM  to  be  infrequent  occur-  1 

rences.  (System  alignment  procedure  is  described  in  Topic  7-7.) 

Replacement  of  Wearout  Parts  - As  mentioned  the  CRT,  the  LCLV  and 
the  xenon  lamp  are  the  primary  wearout  parts  in  the  system  (see  topic  on  reliability 
for  average  life  of  these  components).  Their  replacement  requires  ease  of  access, 
mechanical  alignment  devices  which  securely  lock,  and  test  patterns  to  assist  re- 
aligning after  part  replacement. 

Fault  Isolation  - The  ability  to  directly  obaerve  the  disiNay  is  a powerful 
diHiwstie/fault  isolation  tooL  In  the  baseline  system,  an  estimated  70  percent 
of  the  faults  can  be  tentatively  isolated  down  to  a couple  of  cards  or  assemblies. 

Where  this  is  not  possible,  the  stralghtfozward  natura  of  the  signal  flow,  ooqpled  j 
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with  the  ability  to  compare  to  one  of  the  other  two  channels  permits  a logical  and 
rapid  laolatlon  of  faults  down  to  a single  card/aasembly  in  an  estimated  9S  per- 
cent of  the  eases. 

Fault  Rwair  - The  great  majority  of  the  failures  will  be  electronic  cards 
which  are  housea  in  a card  and  can  be  replaced  in  less  than  a minute  once  ac- 
cessed. Other  electronic  assemblies  (power  supplies,  deflection  amplifiers)  require 
mechanical  dismounting  and  replacement,  and  therefore  require  somewhat  more 
time  than  card  replacement.  Replacement  of  optical  components  - which  should 
occur  very  infrequently  - could  be  a lengthy  affair,  requiring  earefid  realignment 
of  the  system  after  replacement.  Length  of  time  to  repair  is  component-dependent. 

Routl^  Maintenaiwe  - At  monthly  intervals  the  optical  components  in  the 
system  should  be  inspected  tor  accumulation  of  dirt  and  dust,  and  cleaned  if 
necessary. 


TABLE  27.  MAINTAINABIUTY  FEATURES  TO  SUPPORT 
REQUIRED  MAINTENANCE  ACTIONS 


Class 

Maintainability 

Features 

Performance 

Verification 

1 

§ 

< 

1 

Projector  Alignment 

Replacement  of  Re- 
work/Wearout  Parts 

Fault  Isolation 

Fault  Repair 

( 

( 

1 

i 

1 

1 

( 

s 

1 

1 

1 

9 

g 

e 

3 

9 

O 

• li 

Test  pattern  selection 

® 

- 

X 

® 

- 

- 

III 

Reference  slide' 

X 

® 

- 

- 

- 

- 

Computer  aided  alignment 

- 

- 

- 

- 

- 

- 

Base  of  Access  to 

Wearout  parts 

- 

- 

- 

® 

- 

- 

- 

Adjustments 

X 

® 

X 

- 

X 

- 

s 

Test  points 

- 

- 

X 

- 

® 

X 

• 

1’ 

Card  reiRacement 

- 

- 

® 

- 

® 

- 

Eaae  of  securing  optical/ 
mechanical  adJuMments 

• 

X 

X 

- 

X 

1 

Dust  protection 

- 

- 

- 

- 

- 

- 

Stable  deflection  circuits 

X 

X 

- 

- 

- 

il 

Simple  signal  flow 

- 

- 

1 

- 

® 

- 

- 

bI 

Three  identical  channels 

- 

- 

- 

- 

X 

X 

1 — 

Z - biteraetion/impact 

Mqjor  interaetion/impact 
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12.  APPROACH  TO  ACHIEVING  GOOD  MAINTAINABILITY  (Continued) 


MAINTAINABILITY  FEATURES 

To  support  the  preceding  maintenance  actions,  the  feasibility  of  incorporat- 
ing a variety  of  widely  different  maintainability  features  was  considered  for  both 
the  basic  projector  and  the  overall  system.  The  features  described  below  are  ones 
which  ctui  be  implemented  at  little  extra  cost  to  the  system  if  they  are  incorporated 
into  the  design  concept  at  its  inception.  All  of  the  features  described  have  bWn 
incorporated  in  the  baseline  system.  It  was  gratifying  to  find  in  the  study  that  excel- 
lent maintainability  should  be  achievable  without  appreciable  impact  on  cost. 

As  shown  in  Table  27,  most  maintainability  features  siQ>port  (or  con- 
tribute to)  more  than  one  maintenance  action.  The  degree  of  impacf  is  signified 
in  the  table. 

Test  Pattern  Selection  - The  capability  to  display  a variety  of  test  patterns 
is  provided  to  support  performance  verification,  projector  alignment  and  fault  isola- 
tion. Typical  patterns  include  a crosshatch  (distortion),  full  raster  (color  registra- 
tion), resolution,  shades  of  gray,  color  test,  uniformity,  etc.,  and  include  patterns 
that  may  be  designed  to  assist  signal  monitoring  of  test  points  for  troubleshooting. 
Digital  logic  to  generate  these  test  patterns  is  incorporated  into  each  projector; 
local  generation  eliminates  degradation  of  the  video  (and  hence  visual  <)uality)  due 
to  video  line  drivers  and  cabling.  In  addition,  a IM  bit  test  pattern  memory  is  pro- 
vided to  store  special  test  patterns  which  are  stored  on  disc,  and  are  called  up  by 
the  operator  via  the  computer.  Because  of  memory  limitations,  these  test  patterns 
may  have  to  consist  of  repeated  subpatterns. 

Reference  Slide  - A reference  siide  incorporated  in  each  projector  is  a key 
element  in  maintaining  overall  system  alignment  (i.e.,  minimizing  interwindow  dis- 
continuity) yet  permits  each  projector  to  be  aligned  independently.  This  feature 
is  described  in  detail  in  Topic  7-7. 

Computer  Aided  Alignment  - Complete  manual  entry  of  values  for  the 
1024-point  correction  memory  (to  achieve  good  color  registration)  for  each  of 
three  channels  of  seven  projectors  (21,504  points!)  is  totally  impractical.  Com- 
puter algorithms  to  aid  the  operator  to  rapidly  recalculate  correction  values 
based  on  the  entry  of  a few  points  will  be  used  to  reduce  this  task  by  a couple  of 
orders  of  magnitude.  Simple  entries  will  compensate  for  effects  of  drift  (in  gain 
or  of&et),  rotation,  or  size  change. 

Ease  of  Access  - Means  of  easily  accessing  wearout  parts  for  replace- 
ment, electrical  adjustments  for  projector  alignment,  test  points  for  fault  isola- 
tion and  alignment,  and  removable  cards/assemblles  for  replacement  in  event  of 
failure  are  designed  into  the  system. 

Securing  of  Mwhanlcal  Adjustments  - Once  mechanical  or  optical  adjust- 
ment is  made,  li  must  be  secured  to  avoid  slipping/shifting  with  platform  motion. 
This  will  minimize  the  need  to  continually  realign/readjust  the  system.  Covers  to 
protect  all  optical  components  and  the  screen  from  dust  and  dirt  are  provided. 
Covers  will  be  easily  removable  for  inspection  and  replacement  of  wearout  parts. 

Stable  Deflection  Circuits  - This  feature  is  a key  element  in  keeping  the 
aystem  alignment-free;  excessive  drift  implies  continued  realigning  of  the  system 
to  maintain  good  color  registration.  Both  gain  and  offset  of  the  deflection  aystem 
(the  major  contributor  to  drift)  are  critical.  Chopper  stabilization  aid  gain  stabili- 
zation are  provided  to  hold  total  drift  to  below  0. 03  percent. 

Simple  Slgml  How  - The  inherent  simplicity  of  signal  flow  through  the  sys- 
tem greatly  simplifies  fault  isolation,  and  reduces  skill  level  required  for  maintenance. 

Thry  Mytlcal  Channds  - The  three  channels  being  identical  aids  trou- 
bleshootiiig  by  allowing  channel-to-channel  comparison  and  interchanging  of  cards 
to  Isolate  malfunctioning  units. 


SeoUoB  7 — BaMllne  Performanoe 


IS.  ALTERNATE  DISPLAY  CONFIGURATIONS 


TIm  projeotlon  optloa  required  to  accommodate  alternative  dlaplay  oonflforatlona 
are  very  almllar  to  the  baaellne  projeotloa  opUca  except  for  die  email  projection- 
an^e  flat-aoreen  caae. 

The  RFP  for  tfala  atudy  required  that  (he  followliiE  altematlvea  to  the 
bnaelliie  configuration  (which  generatea  a pentagonal  dlaplay  on  a 24"  radlna 
curved  aoreen)  be  eonaideredt  1)  a reota^pdnr  (either  1:1  or  4:3  aapeot 
ratio)  dlaplay  on  a curved  acreen;  and  2)  a recta^ar  (1:1  or  4:S)  dhqday  on  a 
flat  aoreen.  A more  detailed  deacrlption/deflnltlon  of  dieae  reqnteementa  la 
given  In  Section  2,  p 23.  Note  that  foe  alee  of,  and  dlatanee  to,  foe  flat  acreen 
were  not  apeolfied. 

Theae  eonfiguratlona  are  examined  below  baaed  on  foe  aaaumptlon  that 
foe  vertical  dlmenalon  alwaya  oontalna  approximately  1000  raater  llnea.  Thla 
Impltoa  that  for  foe  4:3  aapeot  ratio  rectangular  dlaiday  foe  number  of  horizontal 
dl^ay  elementa  will  be  4/3  x 1000  » 1333.  All  reaolutlon  flgurea  In  Table  28 
were  calculated  baaed  on  thla  aaaumptlon. 

The  following  polnta  diould  be  oonaldered  In  examining  foe  varloua 
eonfiguratlona: 

1.  Regardleae  of  foe  ahape  of  foe  projected  Image,  foe  avallaUe  1. 8" 
diameter  area  of  foe  LCLV  ahoidd  be  flilly  utilized  to  maximize  rea- 
olutlon  of  foe  dl^dayed  Image.  Note  that  to  allow  for  adjnatmenta/ 
alignment  of  foe  dli^ay,  a tolerance  of  0. 1 Indi  la  provided.  It 
follovm  that  foe  projection  optica  Juat  pro^e  for  coverage  of  a 1. 7 
Indi  diameter  object  for  all  foe  eonfiguratlona  oonaldered. 

2.  The  vertical  and  horizontal  reafdutlona  obtainable  for  different  dla- 
play eonfiguratlone  (ahapea)  should  be  calculated  based  on  the  dla- 
pli^  Image  shape  Inscribed  In  foe  1. 7 Inch  diameter  elrde.  Figure 
51  shows  a pentagon,  a square  and  a 4:3  rectangle  Inscribed  In  fola 
olrole.  Relative  raater  wldfos  are  0.96  D,  0.71  D and  0.80  D,  re- 
spectively; and  relative  raster  heights  are  0.91  D,  0.71  D and  0.60  D 
respectively  (D  Is  diameter  of  LCLV  circular  usable  area). 

3.  The  projectltm  optics  for  a 24  inch  radius  screen  Is  not  affected  by 
foe  Image  shape  Inscribed  In  foe  circle,  and  will  be  Identical  to  that 
proposed  for  foe  baseline  projector.  For  foe  flat  screen  eases,  foe 
projection  optics  will  reqi^e  a different  projeotlon  lens  - basically 
a conventional  f-tan  6 mapping  type  - and  foe  relay  system  may  not 
be  required  If  foe  throw  dlstanoe  magnifications  are  sudt  that  foe 
ratio  of  bade  focal  length  (BFL)  to  the  effective  focal  length  (EFL)  la 
considerably  less  than  2. 0;  1.  e. , If  foe  projeotlon  angle  Is  consider- 
ably less  ttum  35*^. 

Table  28  summarizes  foe  Impact  of  foe  various  curved  screen/flat  screen 
and  pentagonal/rectangular  combinations  on  foe  size  of  foe  Insorlb^  raater,  foe 
horizontal  and  vertical  resolution,  foe  projectlan  optica  mapping  requirements 
and  vhefoer  a relay  system  is  reqiilred  to  Implement  foe  projeotlon  optics.  All 
of  foe  display  configurations  oonaldered  are  feaalfale.  To  select  foe  "beat"  pro- 
jection optica  for  eadi  case  would  require  setting  up  criteria  for  optimization  and 
performing  trade-off  studies  similar  to  foe  one  connoted  for  foe  baaellne  sys- 
tem. Slnoe  this  was  not  within  foe  scope  of  this  study,  the  resolution  dtaraoter- 
latios  of  foe  basdlne  system  projection  optics  (see  Figure  61)  were  used  to  cal- 
onlate  horizontal  and  vertical  reaolutlon  figures. 

As  seen  in  Table  28,  foe  baaellne  system  has  foe  hipest  resolution.  This 
la  attributable  to  ita  effective  uae  of  foe  available  area  on  foe  light  valve. 
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PENTAGON  SQUARE  RECTANGLE  (4i  3) 

NOTE: 

CIRCLE  REPRESENTS  USABLE  AREA  OF  LCLV 

Figure  51.  Comparison  of  Pentagonal,  Square  and  4:3  Rectai^ular  Display  Configurations.  For 
the  rectangular  formats  the  raster  coincides  with  the  displayed  area. 

TABLE  28.  IMPACT  OF  DISPLAY  CONFIGURATION  ON 
RESOLUTION  AND  PROJECTION  OPTICS 


Configuration 


Resolution' 


Screen 

Type 

Curved 

Curved 

Curved 


Shape/ 

Aspect 

Ratio 


Raster  Size 


Horlz.  Vert.  Horiz.  Vert. 


Projection  Optics 


Pentagonal 

Square/1 :1 

Rectan^e/ 

4:3 

Square/1 :1  0.71D 
Rectan^e/  0.  SOD 


0.60D 


Mapping 


Baseline 

Baseline 

Baseline 

f-tan  6 
f-tan  9 


Relay 

? 


(1)  Resolution  expressed  as  MTF  at  1000  lines 

(2)  Curvature  of  screen  is  24  inches;  projection  optics  for  all  three  cases  are 
identical 

(3)  See  P.  23  for  definition  of  required  mapping 

(4)  If  projection  angle  is  < 35^,  a relay  system  may  not  be  required,  otherwise, 
optics  are  same  for  both 
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